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ABSTRACT 
The growing concern about environmental issues from different sectors of the 
scientific community, politics, and society in general, has incremented the pressure on 
industries to develop more environmentally friendly products. A review on published 
literature revealed that the tools available to assess the environmental impacts of products 
can only be performed when at least an embodiment of the design is achieved, while, like 
other aspects of the products, their environmental performance is more greatly impacted 
during stages of the design process even previous to the embodiment phase. The objective 
of this thesis is to study if the environmental performance of a product can be predicted 
from the requirements list elicited early on in the design process. For this purpose, an 
environmental assessment tool –Streamlined Life Cycle Assessment, SLCA- is used to 
estimate the environmental performance of final products, while an assessment tool for 
requirements based on a rubric is developed to evaluate the requirements list of those same 
products in terms of environmental impacts. The discovery of relationships between the 
data obtained from the requirements rubric and the SLCA scores is performed using an 
artificial neural network (ANN) model. The products used for the study are fifteen projects 
developed by senior students in a mechanical engineering design course, because of the 
availability of design information –mainly the requirements lists. The results show that the 
predictions are stable, with residual errors of less than half the range of target values. 
However, the accuracy of the predictions, and the ranking order of the predicted scores 
when compared with the targets, are dependent on which products are selected for training 
and for testing. The reasons for these inconsistencies are analyzed, being the most 
 iii 
important that the products used for the study may not consider environmental issues 
during their design process, particularly when eliciting the requirements. Opportunities for 
future work are identified to improve the method for early assessment of environmental 
impacts of products, and for using design requirements to predict other traits of product 
design, such as market cost or assembly time. 
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Chapter 1 
MOTIVATION AND BACKGROUND ON REQUIREMENTS AND ENVIRONMENT 
From the industrial revolution to the present, technological evolution has led to 
significant improvements in societies’ quality of life [1]. Access to water, food, 
transportation and products that have become necessities for modern life, such as clothing 
and home appliances and utensils, are readily available for a growing number of people. 
The easiness to cover these basic necessities enables the development of more complex 
products and processes to satisfy increasingly demanding needs, which ultimately gives 
that technological evolution an exponential expansion. This rapid expansion is also 
reflected in the consumption of material resources and energy, which has increased 
significantly in the last few decades [1]–[4]. The concern aroused by the progression in the 
use of resources, and the pressure it imposes on the environment, led to the creation of a 
special commission in the United Nations in 1983* with the objective of discussing the 
relationship between environment and development in the world today, and to propose a 
program to take measurements on this regard. These types of initiatives have reached other 
subjects, which in the form of governmental requirements, citizenship concerns, and –
especially- customer demands, foment industrial corporations to be more environmentally 
responsible in their operations [1]. 
                                                 
* World Commission on Environment and Development (WECD) prepared the report “Our Common 
Future”, published in 1987. 
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The technological development affects the services we use in our everyday lives, 
the buildings we inhabit, and also –and probably mainly- the products we consume, the 
latter being the object of this thesis. In practice, the products have an impact on the 
environment because of the selection of the materials they are made of, the energy involved 
in the manufacturing processes and transportation, the way customers use them, and the 
wastes generated during these stages or in their final disposal [1], [5]. Furthermore, from 
an engineering standpoint, all these instances are affected by the design of the product. In 
addition to environmental aspects, the design process determines decisively the 
functionality, cost, quality, attractiveness, and other features of products, and for this 
reason is the object of continuous efforts from academia and industry to achieve better 
product designs [6]–[9].  
The design of a product is a process that engineering design textbooks typically 
organize in the stages of clarification of the task, conceptual design, embodiment design, 
and detailed design [6], [7], [9]–[11]. These phases go from a high level of abstraction at 
its beginning to a more detailed representation or specification at the end. Studies have 
indicated that the greatest impact on the different aforementioned traits of a product is 
determined during the early stages of design process –this is, clarification of the task and 
conceptual design, because then is when the main decisions that lead to the chosen design 
concept are made [12], [13]. An important part of the clarification of the task involves 
turning the objectives and properties intended for the solution into a requirements list. This 
requirements document “represents the specification against which the success of the 
design project can be judged” [6]. Extensive investigations have been conducted in the 
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design research community –and particularly in the CEDAR† Group at Clemson 
University- towards understanding the role of requirements in the design process, given 
that is an early representation of the product design with a high level of abstraction, but 
nevertheless play an influential role in concept generation and design validation [14]–[23]. 
This work is another endeavor on that direction. 
The objective of the present research is to study if the environmental impacts of a 
product can be anticipated or predicted from the requirements list elicited during early 
stages of the design process. For this purpose, an environmental assessment tool –
Streamlined Life Cycle Assessment, SLCA- is used to estimate the environmental 
performance of final products, while an assessment tool for requirements based on a rubric 
is developed to evaluate the requirements list of those same products in terms of 
environmental impacts. The discovery of relationships between the data obtained from the 
requirements rubric and the SLCA scores is performed through an artificial neural network 
(ANN) analysis employing 189 architectures repeated 100 times each. The products used 
for the analysis were selected considering the availability of information needed –the final 
products for performing the SLCA, and the requirements lists to be assessed with the 
rubric. Fifteen projects developed by senior students in the ME 4010 – Mechanical 
Engineering Design course at Clemson University are used for the study, from which the 
final products, the requirements lists and other design information are available. Twelve 
projects are used to train the ANNs, and three are used for testing in each experimental 
                                                 
† CEDAR, Clemson Engineering Design Applications and Research. The design group at Clemson 
University. 
 4 
condition. This course and the materials developed throughout by senior students have been 
used in previous research for studying different aspects of engineering design [21], [24], 
[25]; given the valuable results obtained from those experiences, it is decided to make use 
of these design projects for the present work. 
This research explores the potential to use requirements as early stage design 
representations to predict later stage performance factors –in this case the environmental 
impact. This is similar to work done to use function structures or assembly models to 
predict assembly time or market prices [26]–[31]. These previous research efforts show 
that using function structures the predictions for product cost and assembly time are not as 
accurate as using assembly models. This can be explained by the fact that function 
structures are earlier representations of the problem –typically used during the conceptual 
design stage, while assembly models take place later in the design process –typically in 
embodiment design stage; therefore, the former involves larger uncertainty about the 
understanding of the design problem than the latter. Following this reasoning, using 
requirements as even earlier representations of the design problem –the original list is 
elicited during the clarification of the task, although it evolves throughout the design 
process- to predict a particular cost of the product like the environmental cost should lead 
to larger errors on the estimations. This is illustrated in Figure 1.1, where it can be seen 
that the earlier the stage in the design process, the higher the uncertainty about what the 
final features of the product will be, and the higher the error in the predictions of those 
features based on current information. 
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Figure 1.1: Errors of predicting features of a product using earlier representations 
in design stages 
It will be seen that based on the results obtained for predictions of environmental 
impacts using design requirements for the products considered for this study, the errors are 
difficult to be aligned with the analysis of Figure 1.1, and further investigation –possibly 
using other design projects- is needed to validate the presumption. 
This chapter presents first the motivations that boost this thesis (Section 1.1). 
Second, it addresses a background on design requirements (Section 1.2), the concept of 
sustainability and a review over environmental assessment tools (Section 1.3), and artificial 
neural networks (ANN) (Section 1.4). Finally, the research questions that guide the work 
are defined (Section 1.5). 
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1.1 Themes that motivate this work 
The main aspects that motivate this research can be classified into three issues. 
First, sustainability is a concept that is increasingly gaining importance in different areas 
of discussion, such as science, engineering or politics (Section 1.1.1). Second, previous 
research has demonstrated that the environmental performance of a product is greatly 
impacted or determined during the early stages of design, which is precisely the phase 
explored throughout this thesis (Section 1.1.2). Finally, the publications produced by the 
design research community demonstrate there is an interest in exploring the potential uses 
of design requirements, since it is one of the tools that is used early on in the design process 
(Section 1.1.3). 
1.1.1. The concept of sustainability is gaining importance 
The idea of using the available natural resources at a rate that can be sustained long 
term is clear from a common sense perspective. This statement has been studied in the 
scientific community, and the conclusions point out that the current rate of depletion is 
having consequences on the equilibrium of the global ecosystem, leading to phenomena 
known as global warming [1], [4], [32]. The concern for this issue grounded on scientific 
evidence has penetrated other spheres besides the scientific community, such as politics, 
engineering and industry, and also society in general [33]. As to the scientific community, 
the interest on the matter has been measured in [34], where the authors report an 
exponential growth (linear on a semilog plot) of the number of authors researching on 
sustainability; such growth rate started in the late 1980s, and has a doubling period of 8.3 
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years. In politics, it was already mentioned that the main worldwide political organization, 
the United Nations, published the document “Our common future” in 1987 [32], and from 
1995 has uninterruptedly organized the “United Nations Climate Change Conference” in 
which the countries members of the organization meet to discuss an agenda towards 
sustainable development [4]. Regarding engineering and industry, it can be distinguished 
that in 2006, by approval of its Board, a new section was included to the Code of Ethics of 
the National Society of Professional Engineers (NSPE) that reads: “Engineers shall strive 
to adhere to the principles of sustainable development in order to protect the environment 
for future generation” [35], [36]. Also, corporations started to incorporate the concept in 
their strategies, which impacts in the products, services and processes they deal with, and 
also in their public image and the way they reach customers [37]. 
1.1.2. Environmental performance is greatly impacted during early stages of design 
Previous research has demonstrated that different traits of product design, such as 
cost, quality or assembly time, are greatly impacted during early stages of design [6], [8], 
[38], [39]. This is due to the fact that during this phase the design concepts are created, and 
then one of them is selected for further detailed developing. The selection of a concept 
determines the coarse characteristics the final design will have, and those traits are 
restricted to a narrowed space of solutions. The impact that the decisions the designer can 
make for the detailed solution are less determinant once the concept has been selected. 
According to [40], 70% of the cost of a product is determined in the early phase of product 
development. Then, if the results of the design in terms of, for example, cost, quality or 
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assembly time, are realized to be unsatisfactory, implementing the required changes would 
mean to go back several steps in the design process, with a consequent cost rise and time 
loss [12]. These desired features of the product can be considered system level 
requirements that are not typically measurable until the end of the project. 
The same reasoning applies to the environmental performance of the product, 
because the environmental impacts generated during its manufacture, use, or disposal are 
largely determined once a design concept is selected [1], [3], [5], [41], [42]. Since the 
objective of this research is to study if this environmental performance of the product can 
be predicted from the requirements elicited during early stages of design, it constitutes a 
relevant motivation for the work. The ability to anticipate if the product is going to satisfy 
predefined environmental standards according to the designer’s criteria from early on in 
the design process, would mean that the changes in the design –possibly the selection of 
the design concept- can be made at a moment in which losses in terms of cost and time can 
still be contained. 
1.1.3. Interest in design community in exploring requirements 
Design requirements are elicited from the input of several stakeholders involved 
with the design project, and can change throughout the design process [6], [9], [20], [21]. 
The typical uses are to produce design concepts and to validate the design [6], [14] (more 
background about design requirements in Section 1.2). Design requirements are present in 
several fields of engineering in which design takes place, such as mechanical [43], [44], 
software [23], [45], [46], or systems engineering [47]–[49]. 
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The multiplicity of inputs and the fact that they take place in early stages of the 
design process make the information contained in the requirements document an attractive 
element of engineering design to be explored, and it is therefore the object of investigation 
in the design research community. In particular, in the CEDAR Group some of the topics 
investigated deal with requirement management tools [17], [18], [50], evolution of 
requirements throughout the design process [20], [21], the role of requirements in concept 
generation [14], [19], [22], [51], and teaching requirements in engineering design courses 
[15], [24], [25], [52]. The work presented here explores if the information contained in 
requirements documents can be used to predict the environmental performance of the 
product that is being designed. 
1.2 Design requirements 
A requirement can be defined as a condition or capability that must be suitably 
addressed by the system being designed [46]. Requirements support in translating the 
stakeholder expectations into a definition of the problem through the elicitation of 
statements which can be used for defining a solution for the product that is being designed 
[48]. Some authors such as [48] and [46] specify that requirements are expressed as “shall” 
statements organized in a requirements document, but [53] argues that, more than a list of 
statements of what a system must do, they are a network of related elements containing 
definitions, goals, rationale and measurements. According to the stages defined by [6], and 
similarly in [7], [9], [10], [40], for the systematic design process, the requirements 
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elicitation takes place following the clarification of the task and prior to the conceptual 
design (Figure 1.2). 
 
Figure 1.2: Stages of Pahl and Beitz systematic design process [6] 
This structuring is consistent because one of the main purposes of the requirements 
list is the generation of ideas for the development of design concepts [6], and therefore it 
is evident that the designer should have this document before getting into the conceptual 
design stage. However, even when it can be elicited at this point, the requirements list is 
considered a living document that changes all along the design process. These changes can 
assume the form of updates, revisions, refinements or expansions, which may iteratively 
take place at subsequent stages of design [6], [45], [47]–[49]. Keeping record and tracking 
















































its cost and development time, and is another branch of research about requirements [20], 
[21]. 
1.2.1. Sources of requirements 
In the process of elicitation of requirements, the listing is based on different sources. 
Table 1.1 presents a comparison of the originators for the requirements for different 
Handbooks, from which can be concluded that there is a general agreement on utilizing the 
term stakeholders to refer to all the actors that contribute to the process of elicitation of 
requirements. The INCOSE Handbook [47] states “a stakeholder is any entity (individual 
or organization) with a legitimate interest in the system. Typical stakeholders include users, 
operators, organization decision-makers, parties to the agreement, regulatory bodies, 
developing agencies, support organizations, and society-at-large”. The NASA Handbook 
[48] makes a special distinction to customers as a special category of stakeholders. 
Table 1.1: Comparison of the sources of requirements for different authors 
Handbook and 
discipline Sources of requirements 
Pahl and Beitz [6] 
- Engineering 
design 
A market survey retrieves properties and necessities expected from the product from 
anonymous customers, which belong to a particular market segment, or specific 
customers, which are individual customers or specific market segments. Looking at 
competitor products could lead to ideas on where to focus efforts or where to 
differentiate. Good engineering practice are requirements which are self-evident and 
vital for the success of the product. Examples are a reduced energy consumption and 
operating costs. Regulatory policies are also sources of requirements the product may 
have to attain at. 
The Engineering 
Design of 
Systems [49] – 
Systems 
engineering 
The sources of the requirements are the stakeholders. These would be owner and/or 
bill payer, developer, producer or manufacturer, tester, deployer, trainer, operator, 
user, victim, maintainer, sustainer, product improver, and decommissioner. 
Requirements 
Engineering [45] 
The generic term stakeholder is used to refer to all the actors involved in the 
requirements engineering process. They include end-users, managers, development 




certification authorities, etc. Requirements elicitation involves consulting system 
stakeholders from the application domain and the organization which is acquiring 
the system. 
NASA [48] – 
Systems 
engineering 
Upper level requirements come from higher level instances of the system (e.g., 
program, project, etc.), and the rest of requirements from identified customers (those 
who requested the product) and stakeholders (those affected or accountable for the 
product’s outcome). 
INCOSE [47] – 
Systems 
engineering 
It is defined a Stakeholder Requirements Definition Process, for which the inputs are 
Source Documents, Stakeholders Needs and Project Constraints. The process is 
governed by the following controls and enablers: laws and regulations, industry 
standards, agreements, project procedures and standards, directives, and 
infrastructure, organization/enterprise policies, procedures, standards, and 
infrastructure. 
 
The task of capturing the needs throughout multiple stakeholders demands a 
significant effort. To accomplish this, different techniques for requirements elicitation 
have been developed, such as interviews, focus groups, the Delphi technique, and soft 
systems methodology [47]. 
1.2.2. Uses of requirements 
A review of engineering handbooks from different engineering disciplines shows 
that in general, the uses of requirements are common among them, although specific 
applications may be different. A summary of this review is presented in Table 1.2. It can 
be inferred that in a broad sense, the purposes of requirements are to provide input for 
generating conceptual ideas, and validate and test the design concepts. All of the 
approaches are similar in keeping requirements not referred to a particular solution, but 
solution neutral. Adhering to this –especially early in the design process when the high 
level requirements are elicited from the different stakeholders, is what creates the potential 
to use the requirements as a valuable tool for developing solution concepts. Furthermore, 
most of the requirements contain information about characteristics the design must satisfy 
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(constraints) or are desirable to possess (criteria), which can be used to validate and test 
the solution by analyzing whether they are or are not met. This aspect is particularly useful 
for requirements that present a target value that the solution must or should observe [6]. 
Table 1.2: Uses of requirements according to Handbooks from different disciplines 
Handbook and 
discipline Uses of requirements 
Pahl and Beitz [6] 
– Engineering 
design 
Clarify the design task (interpretation of problem, involved wishes and 
expectations); specify constraints; analyze what paths are open for development 
(generate conceptual ideas); validate and test concepts; address needs that come as 
the design process progresses (update because of requirements growth and change). 
The Engineering 
Design of 
Systems [49] – 
Systems 
engineering 
Provide operational statements concerning stakeholders’ needs; partition design 
problem into components that can be worked in parallel; verification of the 
configuration items and components during the qualification activity during 





Set out the services that the system should provide; define constraints on the system 
and the process of developing the system; provide domain information to systems 
developers. 
NASA [48] – 
Systems 
engineering 
Define constraints that the design must adhere to or how the system will be used; 
identify those elements that are already under design control and cannot be changed 
(narrow potential design solutions); establish physical and functional interfaces with 
which the system must interact; define functional and behavioral expectations for the 
range of anticipated uses of the system (how the system will be operated and the 
possible use-case scenarios). 
INCOSE [47] – 
Systems 
engineering 
Define the key performance characteristics the system should have; define the 
functions the system must perform and its functional boundaries; identify and 
document any interfaces with systems external to the functional boundaries; provide 
a Verification Criteria (specify who will perform verification activities); produce a 
specification tree to define the hierarchical representation of the set of specifications; 
formally document a System Specification; allow bi‐directional traceability, 
including to their source, such as the originating stakeholder requirements 
 
1.3 Sustainability and environmental assessment tools 
The term sustainability can mean “maintain”, “support”, or “endure” [54]. 
However, in the last decades it has been specifically associated to human sustainability on 
Earth after the World Commission on Environment and Development (WCED, also known 
as “Brundtland Commission”) was formed [1]. This Commission prepared the report “Our 
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Common Future” [32], in which it is discussed how issues like scarcity of resources, 
population growth, environmental concerns and economic inequalities interact and threat 
future on earth. In this report, the concept of “Sustainable development” was coined as the 
type of development necessary to avoid the collapse of human civilization in the near 
future. According to the report, “Sustainable development is development that meets the 
needs of the present without compromising the ability of future generations to meet their 
own needs” [4], [32]. Included in the reasoning were: the material resources, both non-
renewable and renewable, the biological diversity and genetic resources, and the general 
health of the environment for the current and future generations [1]. 
1.3.1. Three pillars of sustainability 
Although the concept of sustainability is commonly associated with the 
environmental dimension, it encompasses three dimensions: the environmental, the social, 
and the economical [55]. These three aspects are interdependent and complemental to each 
other, thus in the long term none can exist without the other [56]. Figure 1.3 shows three 
representations of the interrelationship between the three dimensions. In a), sustainable 
development is supported by the three pillars; In b), the economical dimension is 
constrained to the societal one, at the time both are constrained to the environmental 
dimension; in c), the pillars are seen as overlapping ellipses indicating that they are not 
mutually exclusive, but are interdependent and mutually reinforced [55]. 
The objective of this thesis is to predict the environmental performance of a product 
from early stages of design. This means that only the environmental dimension of 
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sustainable development is addressed, and the social and economic implications of 








Figure 1.3: Representations of the three pillars of sustainability (adapted from [55]) 
1.3.2. Environmental dimension 
In previous centuries the environmental impacts of human activities were limited 
to local ambits, mainly those involving populated areas. With the development of 
technology and the increase of population, the affected areas become of regional scale, and 
also there is evidence that points that the effects have global proportions. Furthermore, the 
previous environmental impacts were mainly of physical characteristics, but today’s 
impacts can be attributed to emissions of chemical components [1]. 
One of the reasons for this increase in the environmental impacts is the constantly 
growing human activity. Over the last 50 years, developed countries have experienced an 
unprecedented increase in the standard of living, driven by their always-advancing 
industrialization process. The expectations are continued economic growth of the 
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addition, the world population has grown exponentially; according to United Nations 
predictions, for 2050 the world population will be at least 10 to 11 billion [4]. 
Another reason for the human-related increasing pressure on the environment is the 
use and release of new chemicals foreign to the environment. Previously, releases were 
based on natural substances, but this has changed to a much more extended chemical 
universe, mainly due to petrochemical industry. Since the ecologic system has not been 
exposed to them before, the consequences can be unexpected and often unforeseeable [1]. 
Some of the substances of concern are carbon dioxide, CFCs, mercury, DDT and PCBs, 
which have a long life and high mobility in the environment, therefore leading to global 
effects. The presence of some of these gases in the atmosphere cause the retention of heat 
radiation that would otherwise find its way into space, giving them the name of greenhouse 
gases. This heat retention ultimately causes the effect known as global warming [1]. Figure 
1.4 shows the concentration of carbon dioxide during the last thousand years. A debate still 
remains regarding whether these variations are natural or man-induced, but it is estimated 
that global warming impact due to human activities has already caused changes in climate 
that can be measured [57]. 
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Figure 1.4: Concentration of CO2 in atmosphere during the last thousands years 
[58] 
1.3.3. Environmental assessment tools 
A product can harm the environment in different ways. It is difficult to analyze all 
of them at the design stage, but it is important to investigate which are responsible for the 
main environmental impact. With a list of priorities, it is possible to concentrate the design 
efforts on solutions that could be environmentally sound and prevent putting attention into 
less relevant issues. The quantification of the environmental impact allows to establish 
these priorities. In addition, it makes possible to compare alternative designs, compare a 
product with its predecessor or with the competitor, or support an environmentally friendly 
claim for marketing purposes [59]. 
A review has been made over published literature regarding tools that would allow 
to assess a product in terms of the environmental impacts it may generate. A multiplicity 
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of such tools has been developed, differentiating in the nature of the information required 
as inputs and the one provided as outputs –qualitative, quantitative, the specificity of that 
information, and the effort required to process it. For them, the higher the level of detail, 
the higher the certainty of the results, but also the time for accomplishing the analysis [60]–
[62]. An extensive review considering these aspects has been conducted by Bovea and 
Pérez-Belis [63], and Figure 1.5 presents a summary of their findings. 
 
Figure 1.5: Classification of tools for environmental assessment of products [63] 
These analytical tools are distinguished from creative tools, which are intended to 
assist during product design to consider environmental concerns [64]. Creative tools such 
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as Checklists (AT&T, Kodak, Fast Five Philips, Volvo) [63], Ten Golden Rules [65], 
Dominance Matrix [3], or PILOT (Product Investigation, Learning and Optimization Tool) 
[41] provide the designer with a series of questions, rules or guides to contemplate 
environmental issues, often by comparing alternative designs. 
Most of the environmental assessment tools are based on the concept of life-cycle 
assessment (LCA). This concept is applicable not only to products, but also to processes 
or systems, which are considered through their whole life span, from creation to waste. It 
attempts to identify and quantify energy, material usage, and environmental releases to 
assess their impact on the environment. By evaluating those instances, opportunities of 
environmental improvements can be implemented. Considering the entire life cycle of the 
product, process or activity encompasses extracting and processing raw materials, 
manufacturing, logistics, use, maintenance, disposal and eventual recycling [5]. 
The life-cycle assessment (LCA) has been formalized as a tool involving the most 
comprehensive and scientifically solid analysis that can be performed. To ensure its 
consistency, the process has been detailed in the international standard ISO 14040-44 [66], 
in which a general agreement on the formal structure of LCA is consummated. The 
accomplishment of this complete LCA is a large and complex effort, and it requires highly 
detailed information that is often hard to gather for a particular project. For instance, in the 
case of a product, the exact specification and amount of every single material that composes 
the artifact, and also the energy demanded through the different life stages is needed. It 
also includes the “history” of these items, meaning where and how the materials or energy 
were produced, and the logistics involved to reach the product [67]–[69]. For this reason, 
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a series of variations of LCA have been developed, many of which simplify the process, 
although in detriment of the accuracy of the outcomes. 
A number of environmental assessment tools found in published literature have 
been considered for use in this research, and are presented in Table 1.3. From this review, 
it was found that none of the tools can be applied in early stages of design where the degree 
of abstraction in the design representation is substantial. They all require to know at least 
the general layout of the product, the major components, and the main materials it is made 
of; these characteristics are defined in the embodiment design stage of the design process. 
Therefore, the following gap was identified in the reviewed literature: the environmental 
assessment tools require some degree of embodiment of the design to be applied. The 
examined tools are classified according to three criteria –convenience of cost of use, 
simplicity of implementation, and effectiveness of outcome, to determine their 
applicability for assessing the fifteen products used for this study. For convenience of cost 
it is understood the time that the analysis demands, as well as eventual monetary costs 
associated with the use of the tool, for example in the case of software-based LCA like 
SimaPro or Gabi, which involve a licensing cost [70]. The column simplicity attempts to 
capture the level of difficulty that the use of the tool implies, mainly due to the detail and 
amount of information required. Finally, effectiveness provides an evaluation of the value 
and accuracy of the outcome of the analysis; for the purposes of this study, the tool should 
provide a numerical value as a quantification of the environmental impacts associated with 
the product being analyzed, because this score is utilized as input to the ANN. Tools that 
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provide qualitative results or which outcome is the preferable option among a comparison 
of products are not suitable in the context of this work. 
Table 1.3: Environmental assessment tools evaluated by convenience of cost of use, 
simplicity and effectiveness 




Life Cycle Assessment 
ISO 14040-44 (2006) [66] 
Lewis et al. (2001) [2] L L H 
Software-Based LCA Lewis et al. (2001) [2]  SimaPro, GaBi, OpenLCA [70] M M H 
Ecodesign Checklists Tischner et al. (2000) [3] H H L 
ECM 
Eco-Design Checklist Method Wimmer (1999) [41] H M L 
ERP - Environmentally Responsible 
Product Assessment Matrix Graedel et al. (1995) [71] H H L 
Streamlined LCA Graedel (1998) [5] Bennett and Graedel (2000) [72] H H M 
ECQFD Vinodh and Rathod (2009) [73] M M M 
MECO Wenzel, Henrik (2000) [1] H H L 
As it was explained, LCA is the tool that provides the best results for assessment 
of environmental impacts of products, and for this reason the effectiveness is considered 
high. However, it demands considerable efforts to be used because of the amounts and 
detail of information required (low simplicity), and the time it takes to complete an 
assessment for a given product (low convenience of cost) [2], [66]. Although software-
based LCA is similarly effective, it still requires large amounts of input information, which 
in this case is supported by the use of databases with preconfigured data (medium 
convenience of cost); in addition, the process is guided by software, which makes it more 
simple to implement (medium simplicity) [2], [70]. Ecodesign checklists have been 
developed, and they are simple and not expensive to use, but they do not provide a 
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quantitative assessment of the product, and therefore are not suitable for this study (low 
effectiveness) [3]. Similar situation occurs with the ECM tool (Eco-Design Checklist 
method), which needs more steps in its execution and more detailed information (medium 
simplicity), but the outcomes of the analysis are qualitative, and then not suitable for this 
study (low effectiveness) [41]. The ERP (Environmentally Responsible Product 
Assessment Matrix) is a tool that requires a basic understanding of how the products was 
made and how it works, but not in a detailed quantification (high convenience of cost). An 
analysis can be performed in a time frame of a few hours (high simplicity), and the results, 
although quantitative in nature, are not very precise because of the discrepancies that can 
be obtained when used by different assessors (low effectiveness) [71]. The Streamlined 
Life-Cycle Analysis (SLCA) is an improved version of ERP which incorporates a scoring 
protocol to enhance interrater agreement, leading to more trustable results, still dependent 
on the subjectivity of the user (medium effectiveness) [5], [72]. ECQFD (Environmentally 
conscious quality function deployment) is a tool based in QFD (quality function 
deployment) for which the tables of the original tool have been modified to assess a product 
in terms of environmental impacts. The application of ECQFD requires the elaboration of 
tables and calculations of scores and weights to perform the assessment (medium 
simplicity), and the information required involves an understanding of the components of 
the product and the functions associated with them, with a considerable time demand to 
complete an analysis (medium convenience of cost) [73]. Finally, the MECO tool 
(Materials, energy, chemicals and others) allows to perform a rough assessment by 
comparing the product under analysis with a reference product, still having minimal 
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knowledge of detailed information (high simplicity), and in a quick manner because of its 
qualitative nature (high convenience of cost). This qualitative nature the fact that the output 
is in relative terms to a reference product make the results given by the tool not suitable for 
this study (low effectiveness) [1]. A tutorial about how to use the MECO tool can be found 
in Appendix A. 
Among the reviewed tools, the one that offers the greatest advantages for the 
purposes of this work in accordance to the previous analysis is the Streamlined Life-Cycle 
Assessment (SLCA) tool, which is described in more detail in Chapter 2. 
1.4 Artificial neural networks 
To discover the relationships between the information contained in the design 
requirements and the SLCA scores of the final products, an artificial neural network (ANN) 
based prediction model is considered. In order to use the ANN prediction model, an input 
vector is generated for each project, which is then matched with the corresponding SLCA 
score. A set of these input vector and SLCA score pairs are used for training the ANN 
structure. The trained ANN structure is then used to estimate the SLCA scores for a new 
set of input vectors. 
The input vectors for each project are generated through processing the design 
requirements with a rubric that captures the aspects of the design that are relevant from an 
environmental perspective. Two different methods are used to obtain the elements of the 
input vector. For the first method, the output of the rubric is used directly as the input 
vector, which is denominated vocabulary processing method (VP). For the second method, 
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a graph complexity connectivity method (GC) is considered, which captures the 
interrelationships among requirements within the requirements list. The latter method was 
developed by [38], [74], and is based in the assumption that the complexity of a system 
involves a collection of attributes rather than a single value. The attributes are divided into 
classes of size, interconnection, centrality and decomposition, each of them containing two 
or more measurement subtypes composed of multiple metrics, leading to a total of 29 
dimensions of complexity. This method has been applied in previous research to predict 
the assembly time of products [26], [27], [29], [30], [38], market price of products [30], 
[31], [75], and automotive assembly defects [76]. 
For both the methods used to generate the input vectors, the ANN generates the 
nonlinear prediction models to discover relationships between them and the output SLCA 
scores. The basic procedure for this process is presented in Figure 1.6. 
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Figure 1.6: Procedure for SLCA score prediction 
The context of the application determines the selection of the general architecture 
the ANN involves. As explained in [74], for this type of problem where the data set is small 
and an input vector is used to predict a single output value, the use of backpropagation 
network architectures is appropriate. In addition, both the inputs and output of the ANN 
are static. Therefore, considering the time-independent data and the low size of the training 
set, the use of a cascade-forward type of network is recommended [38], [74]. It is worth 
mentioning that this ANN architecture is not necessarily the best, and further research can 
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1.5 Research question 
The research question that guide this work is the following: 
RQ: Is it possible to assess a product design in terms of 
environmental impact from early stage design requirements? 
To answer these questions a study is performed in which fifteen engineering design 
projects are analyzed from their early stages of design until the production of the final 
physical devices. A rubric is developed to assess the requirements elicited during early 
stages of design, which is correlated with the environmental assessment of the final product 
using an artificial neural network (ANN) model. The answer to the research question is 
positive if that correlation reveals that a connection between both metrics exists, this is, if 
the environmental impacts of the final products can be predicted from the design 
requirements elicited during early stages of the design process –typically the task 
clarification or conceptual design, with a certain margin of error. In the context of this 
work, this error needs to be analyzed to determine if it can be considered contained in order 
to demonstrate that a positive, trustable correlation is established between data. The error 
is expected to be large given the level of abstraction the requirements list involves as 
representation of the design problem. However, in order to answer the research question, 
its magnitude is less important than a conclusive connection between the assessment of the 
requirements and the final environmental assessment of the products. 
To illustrate the importance of the research question that guides this work, a 
hypothetical case in which such predictive tool is used can be stated. A diagram of this 
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example is presented in Figure 1.7. Considering a product design problem, one of the first 
efforts of the design team as part of the clarification of the task design stage is the elicitation 
of requirements. This requirements list can be assessed using the assessment rubric, and a 
prediction of the environmental performance of the product is calculated. If the prediction 
is not aligned with the organization’s target, then the team can keep working on the 
requirements and re-think different aspects of the design that perhaps did not have the 
deserved attention. The improved requirements list can be assessed again, and if now the 
prediction is closer to the objectives of the organization, then the team can move to the next 
design task. Without this iteration in the elicitation of the requirements, the design project 
would have continued its way to the next design task, and the flaws would have been 
discovered later in the process, with the consequent cost and time involved in making the 
required changes. 
 
Figure 1.7: Hypothetical use case for the tool to predict environmental performance 




STREAMLINED LIFE-CYCLE ASSESSMENT OF PRODUCTS 
The tool selected for this work for the environmental assessment of products is 
Streamlined Life-Cycle Assessment (SLCA) proposed by T. Graedel [5]. This tool is 
reviewed in this Chapter (2.1). Also, the products utilized for the research are presented, 
and the justification for their selection is discussed (2.2). Finally, the SLCA tool is applied 
to the mentioned projects, and a score representative of the environmental impacts of each 
is obtained (2.3).  
2.1 SLCA as a tool for environmental assessment of products 
The environmental impacts of a product are largely determined at the design stage, 
and any changes introduced later on in product development have only very modest effects 
[5]. Thus, the analysis of the environmental impacts associated with the product should be 
performed as early in the development process as possible. The full LCA analysis has 
limitations for its applications, and for that reason, streamlined versions have been created. 
2.1.1. A simplification of LCA 
LCA is the most comprehensive tool for analyzing the environmental impacts of a 
product, process or system, and provides the ideal advice for improving environmental 
performance. Its framework is presented in Figure 2.1, showing the main stages in the 




Figure 2.1: Life-cycle assessment framework (adapted from [66]) 
The first stage is the goal and scope definition, where the objectives and boundaries 
of the problem are established. Then, the inventory analysis uses quantitative data to 
account for the levels and types of energy and materials that are introduced to the system, 
and the resulting product output and environmental releases. The third stage –the impact 
analysis, attempts to relate the outputs of the system to the burdens they imply to the 
external world. Finally, the findings from these stages are used to draw conclusions and 
make recommendations in the interpretation of results phase [5]. 
The final step of interpretation of results means that after examination the life-cycle 
analysis can generate design for environment recommendations. These recommendations 
are specific actions that can be taken by designers and engineers to improve the 
environmental responsibility of their products [5], [77], [78]. The implementation of a 
recommendation do not necessarily involve knowing the magnitude of the impact it will 
have as a consequence, which means that the needed information to apply changes 
beneficial to the environment –design for environment- tends to be qualitative rather than 






quantitative. Then, for the designer or industrial engineer it is important to know that if an 
action is implemented, an environmentally disadvantageous situation will be diminished 
by some degree [5]. 
The remarked importance of qualitative information to make decisions regarding 
design or engineering processes, in addition to the difficulty for gathering data for the LCA 
inventory and its processing, provided the conditions for the development of an alternative 
tool to LCA. The tool in consideration is a Streamlined LCA, which is less quantitative and 
comprehensive, but the recommendations to product and process designers can be equally 
valuable and also less expensive and time consuming. Of course, some of the benefits are 
lost, and Table 2.1 presents a summary of the aspects in which SLCAs are superior or 
inferior to LCAs [5]. 
Table 2.1: Comparison of SLCAs and LCAs (adapted from [5]) 
SLCAs are superior to LCAs SLCAs are inferior to LCAs 
• SLCAs are much more efficient, typically 
taking several days of effort rather than 
several months 
• SLCAs are much less costly. They can be 
usually done by existing staff and within 
existing job requirements 
• Many SLCAs are usable during product 
design when quantitative information is 
still sparse 
• SLCAs can be carried out routinely and 
thus applied to a wide variety of 
products and industrial activities 
• SLCAs have little or no capability to track 
overall material flows 
• SLCAs have minimal capability to 
compare dissimilar approaches to 
fulfilling a need 
• SLCAs have minimal capability to track 
improvements over time, for example to 
compare if a product is environmentally 




2.1.2. Characteristics of SLCA 
SLCAs are tools that intend to keep the basic aspects of LCA –which were proven 
to be the most comprehensive and solid environmental analysis that can be done, but are 
faster and easier to use, in order to be a valuable means to make decisions in the fields of 
science, engineering and business [5]. To accomplish this, SLCAs have to have the 
following characteristics: 
• All the life-cycle stages should be taken into account and evaluated in some 
manner. 
• All the relevant environmental stressors should be evaluated in some manner. 
• The SLCA should consider the four elements of the LCA framework shown in 
Figure 2.1: goal and scope definition, inventory analysis, impact analysis, and 
interpretation of results. However, these do not necessarily need to be 
approached in a quantitative way. 
Several SLCA approaches that comply with these characteristics have been 
developed. The efforts have come from corporations, consulting firms and professional 
associations, who were looking for tools that would inspire confidence in the results, while 
keeping scientific rigorousness. Some examples are: the Migros Concept, University of 
British Columbia’s and IBM Corporation’s SLCA Approach, the DOW Chemical 
Company Matrix, the Monsanto Matrix, Motorola’s SLCA Approach, Battelle’s Pollution 
Prevention Factors Approach,  and Jacobs Engineering’s SLCA Approach [5], [79]–[81]. 
The SLCA developed by Graedel and Allenby takes in consideration most of the 
advantages of those previous tools, at the time it conveys a balance between simplicity and 
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consistency with LCA and the basics of environmental sciences. In addition, the tool has 
been used in a variety of cases, leading to reported coherent results, mainly due to the 
guidelines and protocols it uses for the assessment [5], [71], [80], [82]. For these reasons, 
this is the tool selected for use in this work. 
2.1.3. Life-cycle stages and environmental stressors 
A life-cycle assessment should consider all the relevant environmental implications 
of a product, process or system across its life span. This life span goes from creation to 
waste, or alternatively to its transformation into another form. For the case of a typical 
manufactured product the life-cycle stages are the following: 
1. Premanufacture: It is performed by suppliers drawing on virgin resources and 
producing materials or components. When components are sourced from outside 
suppliers, this stage considers the impacts of component manufacture. 
2. Manufacture: Involves the manufacturing processes, transformation of materials, 
fabrication, assembly, etc., including the energy and other resources required, and 
residues generated. 
3. Packaging and delivery: Considers the manufacture of packaging materials, its 
transportation to manufacturing facilities, the residues generated during packaging 
process, transportation of the finished and packaged product to customer, and 
product installation if applicable. 
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4. Product use: Includes impacts from consumables or maintenance materials 
expended during customer use. This stage is not controlled by the manufacturer, 
but is decisively influenced by product design. 
5. Disposal/recycling: Includes impacts during product refurbishment or recycling, or 
from final disposal if discarded. 
For the case of a product that is manufactured from virgin materials and is finally 
delivered directly to the consumer, the activities involved are classified into the life-cycle 
as shown in Figure 2.2. Typically, manufacturers do not comprise all these activities, 
because processes are complex interrelationships of different actors that perform specific 
tasks such as materials processing (Type A Corporation), components manufacturing 
(Type B Corporation), or final product manufacturing (Type C Corporation) [5]. 
 
Figure 2.2: Activities in the five life-cycle stages for a product manufactured for 
consumer use (adapted from [5]) 















Package Ship Customer use Refurbish 
Discard 
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The next problem deals with how to estimate the environmental impact that every 
instance can create. For example, for the life-cycle stages previously considered, it is 
evident that some of them can be potentially more problematic than others. Similarly, it 
can be foreseen a situation in which alternative designs for a product have similar materials 
use rates, but the materials themselves are different. Then, it is necessary to consider the 
environmental influences of the activities associated with the product, as well as assign 
some sort of priority ranking to the relative changes in the affected environmental 
properties. This constitutes the impact analysis of the LCA [1], [5]. The task of assessing 
these environmental influences is accomplished by employing stressors. Stressors are 
items in the inventory analysis that are deemed to produce changes in environmental 
properties. In full LCAs, the impact analysis involves identifying stressors and the 
associated environmental concerns. Then, an estimation of the burdens or potential impacts 
can be performed, or also a prediction of actual impacts, based on a risk analysis [1], [66], 
[83]. For example, if the poisoning on animals and humans from vehicles’ exhausts wants 
to be studied, the lead content in exhaust gases is a stressor that can be considered. A variety 
of stressors can be used depending on the objectives of the analysis; the relationships 
between stressors and the environment are developed through environmental sciences 
researches. The impact analysis is simplified for the SLCA by considering the 
environmental stressors of material choice, energy use, solid residues, liquid residues, and 
gaseous residues [5]. 
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2.1.4. The matrix concept for SLCA 
The SLCA under consideration is based on a 5x5 assessment matrix in which one 
of the dimensions is the life-cycle stages and the other the previously mentioned 
environmental stressors. The matrix is denominated Environmentally Responsible Product 
Assessment (ERP) Matrix, and its general layout can be seen in Table 2.2. For the 
evaluation of the impact, the tool utilizes a scale of integers ranging from 0 (highest impact, 
a very negative evaluation) to 4 (lowest impact, an exemplary evaluation) that is assigned 
to every element of the matrix. As explained by Graedel in [5], “because the approach is 
not quantitative per se, the results are not strictly a measure of environmental performance, 
but rather an estimate of the potential for improvement in environmental performance”. By 
assigning a value to each cell, the assessor is approximating the inventory analysis and 
impact analysis of the formal LCA. The assessor determines what value to assign based on 
experience, surveys, checklists, or other information that is considered convenient for the 
particular case. An example of a checklist can be found in Appendix A of [5]. Although 
the evaluation by integer rating may be seen as highly subjective, experiments found in 
[84] report overall product ratings with differences of less than 15% among groups of four 
assessors when assisted by that checklist. 
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Table 2.2: The ERP Assessment Matrix, where the numbers are the matrix element 
indices i,j (adapted from [5]) 
 Environmental Stressor 









Premanufacture 1,1 1,2 1,3 1,4 1,5 
Manufacture 2,1 2,2 2,3 2,4 2,5 
Packaging and Delivery 3,1 2,3 3,3 3,4 3,5 
Use 4,1 2,4 4,3 4,4 4,5 
Disposal/recycling 5,1 2,5 5,3 5,4 5,5 
 
When all the elements in the matrix have been evaluated, the overall 





Considering a maximum rating of 4 for each of the 25 matrix elements, the 
maximum product rating that can be obtained is 100. Weighting factors can be applied to 
the matrix elements, which could increase its utility [71]. 
2.1.5. Examples of application of SLCA 
The SLCA developed by Graedel and Allenby has been applied to an example in 
which the tool is used to assess and compare generic automobiles of the 1950s and 1990s 
[71]. For reference, the characteristics of the automobiles that affect the environment are 
provided, including the weights of the different materials utilized in each vehicle version, 
the fuel efficiency, whether they have exhaust catalyst, and the air conditioning fluid. 
Overall, the vehicles from 1950s were heavier, less fuel efficient, likely to emit fluids and 
exhaust pollutants, and had less durable components. Then, the elements of the ERP Matrix 
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are evaluated, and an explanation for each decision is given. The result is that the generic 
automobile from 1950s obtained a total score of 46/100, while the generic automobile from 
the 1990s obtained a total score of 68/100. 
In another example, the SLCA is utilized to compare two ways of providing air 
conditioning to a residence [72]. The first one is the traditional unit that is bought by the 
customer and installed in the residence, and the customer is responsible for the unit from 
then. The second is a conditioned air service, in which the manufacturer or its agent leases 
the equipment to the owner and assumes responsibility for the maintenance and eventual 
take-back of the unit. When the entire life-cycle is considered, the SLCA assessment 
indicates that the air conditioning air as a service is environmentally preferred with a score 
of 74/100, while the air conditioning unit as a product obtains 55/100. In the service option, 
the fact that the producer is ultimately responsible for the product and its take-back creates 
an incentive to design the unit –including the packaging- considering its recovery, 
remanufacture and recycling, which minimizes the need for new raw materials and 
component parts. 
2.2 Products used for investigation 
The products utilized for the investigation are fifteen devices created by students as 
part of their projects for the course ME 4010 – Mechanical Engineering Design, taught at 
Clemson University. The reason to choose these products is the availability of design 
information needed for the purposes of this work, mainly the design requirements. Ten of 
the projects were developed during the Spring of 2015, and the other five during Spring of 
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2014. The products can be classified into three categories. The first group consists of 
devices that accomplish a manufacturing process and transform a given material or 
component into a material or component with added value (for example, Project 1 – 
Vacuum forming system). The second group are wind tunnels that can be used for testing 
fluid dynamics properties of object of small size (for example, Project 2 – Wind tunnel A). 
Finally, the last group of projects are ocular systems for virtual reality studies (for example, 
Project 6 – Virtual reality 1). It should be noted that these products are not commercial 
products, and are in fact design prototypes prone to further changes if eventually they want 
to be improved. 
The developers of the products are senior students who work on the projects during 
the semester. They design the products based on a problem statement, and manufacture the 
devices in the facilities of the Department of Mechanical Engineering in Clemson 
University. They are given two restrictions: one related to time, because the project must 
be done within the semester, and the other related to manufacturing cost, because a budget 
restriction is imposed for the acquisition of materials and components. The deliveries of 
the projects, besides the final product, is a report that contains information regarding the 
design process, which includes the design requirements utilized for this thesis. The 
following subsections briefly describe each of the fifteen projects. The first ten projects 
correspond to Spring 2015 and the other five to Spring 2014; other than that, the ordering 
is random. The names for the projects were assigned for the convenience of this work. 
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2.2.1. Project 1 – Vacuum forming system 
The project consisted of the development of a manufacturing device for the forming 
of plastic sheets through the application of heat and vacuum. The device utilizes recycled 
high density polyethylene (HDPE) sheets, which can be given the shape of a variety of 
products. The system has a base, a frame, and a heater. The HDPE sheet is installed in the 
frame and heated in the heater. Then, the frame is lowered to a platen and mold where 
vacuum is applied, so the sheet assumes the form of the mold. The heater is made out of 
wood, with layers of insulating materials. The support bars are of aluminum square tubing, 
and the plastic frame and base are of wood. The heater works with electrical heaters and 
the vacuum is provided by an external shop-vac. 
 
Figure 2.3: Image of Project 1 – Vacuum forming system 
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2.2.2. Project 2 – Wind tunnel A 
The project dealt with the manufacturing of a wind tunnel for fluid dynamics 
experimentation on small objects. The device has a contraction cone that decreases the 
cross sectional area and increases the air velocity. Then, it has a test section where the 
objects to be teste are placed. Finally, the wind tunnel has a diffuser that encloses the motor 
and a fan that produce the air-flow. The body of the contraction cone and diffuser are made 
of Birchwood, while the test section is made of acrylic Plexiglass for the observation of the 
tests. The motor and fan are re-purposed from a central heating unit. The motor works on 
alternating current and has ¼ HP of rating power. 
 
Figure 2.4: Image of Project 2 – Wind tunnel A 
2.2.3. Project 3 – Wax casting with metallic particles 
The project consisted of the manufacture of a device that demonstrates the 
manufacturing process of wax casting. The paraffin wax utilized has metallic particles that 
can be oriented with the use of magnets. The system has a pot that initially sits on a heater, 
which is then manually transported to the mold into which the hot wax is poured. The 
movement of the pot is restricted by articulated arms. The user can later approach magnets 
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to the mold to orient the metallic particles. Once the wax cast cures to room temperature, 
a testing mechanism can be used to measure the fracture force and maximum deflection. 
This system has a lever that applies a force on the part, which is regulated by adding 
weights. 
 
Figure 2.5: Image of Project 3 – Wax casting with metallic particles 
2.2.4. Project 4 – Plastic bag fusion and vacuum forming process 
For this project, a device was created to demonstrate the manufacturing process of 
forming plastic sheets by applying heat and vacuum. The plastic sheets are created from 
piling several polyethylene bags, which are put between two flat plates and heated in an 
oven. The oven has electric heaters that are controlled through a knob, and is made of wood 
with sheet rock and cement board for insulation. The created sheets are clamped into a 
vacuum frame for reheating; then are removed and placed on a vacuum box. An external 
shop-vac creates vacuum and the sheets are formed around an object conveniently placed. 
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Figure 2.6: Image of Project 4 – Plastic bag fusion and vacuum forming process 
2.2.5. Project 5 – Wind tunnel 4 
This project consisted of the design and manufacture of a wind tunnel for fluid 
dynamics experimentation with small objects. The wind tunnel has a contraction cone 
where the air enters the systems and its speed is increased due to the reduction of the cross 
sectional area. Then, it has a testing section where the objects are placed for 
experimentation, and finally a diffuser that increases the cross section to accommodate the 
fan. The latter is powered by an electric motor which can be set up to three different speeds. 




Figure 2.7: Image of Project 5 – Wind tunnel 4 
2.2.6. Project 6 – Virtual reality 1 
This project consisted of the development of a 2D motion apparatus and 
accompanying head rest to assist with augmented reality studies. The system allows the 
user to move a reference line to a desired location within a 2 x 2 ft. range motion. It has 
two worm-gear systems, powered by stepper motors, mounted on a wooden framework. 
The device is controlled by a user-operated joystick, allowing to move the platform 
forward, back, right and left. The system incorporates limit switches to prevent the platform 




Figure 2.8: Image of Project 6 – Virtual reality 1 
2.2.7. Project 7 – Vertical scissor press 
In this case, the project dealt with the design and manufacture of a vertical scissor 
press to demonstrate the manufacturing process of stamping out a Styrofoam glider. The 
main component of the device is a car jack that is attached to a stationary frame. The 
movable side of the jack has a die composed of razor blades that are attached to the side of 
wooden replicas of the glider pieces. When the scissor jack is extended using the rotary 
lever, the die is pressed into the material sitting at the bottom, and cutting the predetermined 
glider shape. The system is enclosed into a metallic frame with acrylic sheets to prevent 
accidents caused by introducing the user hands. The base is made out of wood. 
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Figure 2.9: Image of Project 7 – Vertical scissors press 
2.2.8. Project 8 – Wind tunnel 3 
This project consisted of the creation of a wind tunnel to run experimental fluid 
dynamics tests on small objects. The device has a fan, a contraction cone and a test section. 
The fan is a Dyson bladeless fan with a diameter of 10 inches, which can be set at 10 
different speeds. The contraction cone increases the speed of the air flow by reducing the 
cross section. This component and the test section are made of a metallic frame and 
transparent acrylic walls that allow to view the interior. The test section also has a platform 
attached to a digital scale that allows to take force measurements for the different tests.  
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Figure 2.10: Image of Project 8 – Wind tunnel 3 
2.2.9. Project 9 – Wind tunnel 2 
For this project, a wind tunnel was created to demonstrate different fluid dynamics 
tests on small objects. The device uses a 14-inch diameter fan to create air-flow which is 
conducted to a test section, and then expelled from the tunnel through a diffuser. The motor 
and fan are re-purposed from a car radiator, and operates on DC. Therefore, the system has 
an AC/DC converter to take power from a wall outlet, and also has the feature of controlling 
the power input to the fan, obtaining a continuous variation of air flow. The test section 
and sides of the wind tunnel are made of acrylic to allow the observation of the interior. 
The rest of the structural components are made out of wood. 
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Figure 2.11: Image of Project 9 – Wind tunnel 2 
2.2.10. Project 10 – Augmented reality 2 
The project consisted of manufacturing a device used to measure the distance from 
the eyes of a user to a moveable reference point. The system is placed in front of a 3D T.V., 
where an image is displayed. The user should be capable of lining up the reference point 
of the system to the projected image from the T.V. The solution consists of two independent 
linear screw drives powered by stepper motors that manipulate a carriage in an X-Y 
horizontal plane. The frame is made out of wood and the guide rods are stainless steel for 
the bottom drive system and aluminum for the top drive system. The device is controlled 
by an Arduino microcontroller. 
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Figure 2.12: Image of Project 10 – Augmented reality 2 
2.2.11. Project 11 – Laser engraver prototype 
This project consisted of the creation of a laser engraver to make marks on different 
materials. The system has a class IV laser capable of engraving wood, which is the main 
material to be used. The laser can be moved in one horizontal direction, while the part to 
be engraved can be moved in the perpendicular horizontal direction. Both motions are 
powered by stepper motors, which in turn are controlled by an Arduino microcontroller. 
This controller also has the ability to turn on and off the laser. Different Matlab codes can 
be uploaded for particular impressions. An aluminum frame supports the components. The 
electric system is powered by a computer power supply. The whole device is enclosed in a 
wooden case for safety precautions. 
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Figure 2.13: Image of Project 11 – Laser engraver prototype 
2.2.12. Project 12 – Injection molder demonstrator 
For this project, a device to demonstrate the manufacturing process of injection 
molding is created. The device has a hopper to feed high density polyethylene (HDPE) 
pellets into a barrel. The barrel has an internal auger powered by a hand crank to move and 
mix the material. The HDPE melts due to a heating Nichrome coil wounded around the 
barrel. There is a nozzle at the end of the barrel to allow for material injection out of the 
system. The heating wire is fed by an electric transformer which reduces the 120 VAC 
from the power outlet to 24 VAC. Mica sheet is used to electrically insulate the barrel from 
the wire, and mineral wool is used around the mica for thermal insulation. 
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Figure 2.14: Image of Project 12 – Injection molder demonstrator 
2.2.13. Project 13 – Vacuum thermoformer design 
The project consisted in the design and fabrication of a vacuum thermoforming 
machine that creates trays from 12 x 12 inches sheets of high impact polystyrene. The 
device has a wooden frame which holds a vacuum tray in which a mold is placed. A sheet 
of polystyrene is placed on top of it. A heating element is enclosed in a housing capable of 
sliding over the sheet. After the sheet is heated, the heating housing is taken back and 
vacuum is applied through an external vac-shop. This allows the sheet to form around the 
mold. The device has an LCD display that indicates the temperature of the lower material 
sheet surface; this display is controlled by an Arduino microcontroller. 
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Figure 2.15: Image of Project 13 – Vacuum thermoformer design 
2.2.14. Project 14 – Mechanical thermoforming 
This project dealt with the development of a demonstrator of a mechanical 
thermoforming process. The device heats a thin strip of a workpiece to allow the user to 
bend it to a desired angle. It has a wooden frame and a bending arm that can be turned to 
an angle between 0o and 145o, measured by an angle indicator. The sheet is held in place 
by a workpiece clamp. The heater applies heat locally in the area to be bent. The 
temperature is determined by the time of exposure to the heater, which is controlled by a 
digital timer switch. With the sheet clamped, once the temperature is reached, the arm is 
bent to the desired position and locked in place until the workpiece cools down. 
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Figure 2.16: Image of Project 14 – Mechanical thermoforming 
2.2.15. Project 15 – Metal stamping device 
This project consisted of the design and manufacturing of a device for metal 
stamping. The product has two main components: an arbor press and a cart. The arbor press 
was acquired as a component of the device. Also, a letter stamping set was purchased. A 
fixture was manufactured to hold the punches on the press arm, and to allow for quick 
changes between punches. This fixture was made out of aluminum and has screws to hold 
pieces in place. A rectangular strip of aluminum can be placed into the die to punch out a 
small disk. Then, the punch can be changed with a letter stamper to stamp a letter in the 
same disk. The products obtained can be used as key chain attachments. 
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Figure 2.17: Image of Project 15 – Metal stamping device 
2.3 Application of SLCA on products 
The SLCA tool described in Section 2.1 is applied to the products presented in 
Section 2.2. For this, an extensive reading of the project reports is performed, as well as an 
examination of other complementary material, such as pictures, videos and comments from 
persons involved in the projects. After identifying the different life stages, for each of them 
the environmental stressors are analyzed, and a score from 0 to 4 is assigned, following the 
instructions provided in “Appendix A, Environmentally Responsible Product Matrix: 
Scoring Guidelines and Protocols” from [5]. 
It has to be considered that a score represents the potential for improvement in the 
environmental performance of the item under study. For example, for Project 14 – 
Mechanical thermoforming, the heat is applied locally in the area that wants to be affected, 
so the energy use for the use stage is appropriate, and the score is 4. If the sheet was to be 
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heated in its whole to bend it just in one particular section, then the score would have been 
lower. Another example is the use of commercial vac-shops for the projects that involve 
creation of vacuum: the score for energy use during use stage is less than 4 because it could 
be calculated and selected a refined method for creating the vacuum.  
2.3.1. SLCA results 
The results of the SLCA implemented on the 15 projects are presented in Table 2.3 
to Table 2.17. The justification for every score assigned can be found in Appendix B. The 
first four projects include a longer text that describes the reasoning for the decisions, while 
for the remaining a table compiles the information needed. The latter is the same technique 
applied in the examples mentioned in Section 2.1.5. 
Table 2.3: ERP Assessment for “Project 01 - Vacuum forming system” 
 Environmental Stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 2 3 1 3 3 12 
Packaging and Delivery 3 4 4 4 4 19 
Use 4 0 4 4 3 15 
Disposal/recycling 4 2 1 4 4 15 
Total 16 11 12 19 17 75 
 
Table 2.4: ERP Assessment for “Project 02 - Wind Tunnel A” 
 Environmental stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 3 3 2 3 3 14 
Packaging and Delivery 4 4 4 4 4 20 
Use 3 4 3 4 3 17 
Disposal/recycling 4 2 1 4 4 15 




Table 2.5: ERP Assessment for “Project 03 - Wax Casting with Metallic Particles” 
 Environmental stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 2 3 2 2 3 12 
Packaging and Delivery 4 4 4 4 4 20 
Use 3 3 3 3 3 15 
Disposal/recycling 4 3 1 4 4 16 
Total 16 15 12 17 17 77 
 
Table 2.6: ERP Assessment for “Project 04 - Plastic Bag Fusion and Vacuum 
Forming Process” 
 Environmental stressor  









Premanufacture 2 2 2 4 3 13 
Manufacture 2 3 2 3 3 13 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 0 3 4 3 14 
Disposal/recycling 4 3 1 4 4 16 
Total 16 12 12 19 17 77 
 
Table 2.7: ERP Assessment for “Project 05 - Wind Tunnel 4” 
 Environmental stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 3 3 2 3 3 14 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 2 1 4 4 15 
Total 18 15 13 19 18 83 
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Table 2.8: ERP Assessment for “Project 06 - Virtual Reality 1” 
 Environmental Stressor  









Premanufacture 4 2 2 4 3 15 
Manufacture 3 3 3 3 3 15 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 3 2 4 4 17 
Total 19 16 15 19 18 87 
 
Table 2.9: ERP Assessment for “Project 07 - Vertical scissor press” 
 Environmental Stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 3 3 1 3 3 13 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 3 4 4 19 
Disposal/recycling 4 2 1 4 4 15 
Total 18 15 11 19 18 81 
 
Table 2.10: ERP Assessment for “Project 08 - Wind tunnel 3” 
 Environmental Stressor  









Premanufacture 4 3 3 4 4 18 
Manufacture 3 3 3 3 3 15 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 3 2 4 4 17 
Total 19 17 16 19 19 89 
 
Table 2.11: ERP Assessment for “Project 09 - Wind tunnel 2” 
 Environmental Stressor  









Premanufacture 2 2 2 4 3 13 
Manufacture 3 3 2 3 3 14 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 2 1 4 4 15 
Total 17 15 13 19 18 82 
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Table 2.12: ERP Assessment for “Project 10 - Augmented reality 2” 
 Environmental Stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 4 3 3 4 4 18 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 3 2 4 4 17 
Total 19 16 15 20 19 89 
 
Table 2.13: ERP Assessment for “Project 11 - Laser engraver prototype” 
 Environmental Stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 4 3 3 4 4 18 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 3 2 4 4 17 
Total 19 16 15 20 19 89 
 
Table 2.14: ERP Assessment for “Project 12 - Injection molding demonstrator” 
 Environmental Stressor  









Premanufacture 2 2 2 4 3 13 
Manufacture 3 3 2 2 2 12 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 3 2 4 2 15 
Disposal/recycling 4 3 2 4 4 17 
Total 17 15 12 18 15 77 
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Table 2.15: ERP Assessment for “Project 13 – Vacuum Thermoformer Design” 
 Environmental Stressor  









Premanufacture 3 2 2 4 3 14 
Manufacture 2 3 2 2 2 11 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 1 4 4 3 16 
Disposal/recycling 4 4 2 4 4 18 
Total 17 14 14 18 16 79 
 
Table 2.16: ERP Assessment for “Project 14 – Mechanical Thermoforming” 
 Environmental Stressor  









Premanufacture 4 4 3 4 4 19 
Manufacture 4 3 3 3 4 17 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 4 4 4 20 
Disposal/recycling 4 4 3 4 4 19 
Total 20 19 17 19 20 95 
 
Table 2.17: ERP Assessment for “Project 15 – Metal stamping device” 
 Environmental Stressor  









Premanufacture 3 4 3 4 4 18 
Manufacture 4 1 2 4 4 15 
Packaging and Delivery 4 4 4 4 4 20 
Use 4 4 3 4 4 19 
Disposal/recycling 4 3 3 4 4 18 
Total 19 16 15 20 20 90 
 
2.3.2. Final scores considering weighting 
As suggested in [71] and [5], weighting factors can be applied to the matrix 
elements according to the needs of the assessor. Observing the results of the ERP 
Assessments of the products, it can be noticed that the results for the life stages of 
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“Packaging and Delivery” and “Disposal/recycling” do not change much across this 
particular set of products. The packaging and delivery gets almost perfect scores because 
there is no packaging for these products after they are manufactured until they are used, 
and the delivery process is just the transportation needed for moving the products to the 
classrooms or other destinations, but do not involve a complex process to be analyzed. For 
this reason, the mentioned life stages are assigned a lower score because they do not 
contribute to emphasize the differences across projects regarding environmental impacts. 
Table 2.18 shows the weights considered for each life stage. These are custom weights 
assigned based on the previous considerations to adapt the SLCA scores to the purposes of 
this research; other set of weights can be used for different research or industry purposes.  
Table 2.18: Weights assigned to each life stage 
Life stage Weight 
Premanufacture 0.3 
Manufacture 0.3 





Considering these weights, the final scores for the SLCAs performed on the fifteen 
projects are obtained. They are presented in Table 2.19. It can be observed that the range 
of the weighted SLCA scores is 24.75, based on a minimum score of 69 for product 4 and 
a maximum of 93.75 for product 14. This range has increased with respect to the original 
SLCA scores, which is 20 (minimum of 75 and maximum of 95). This expansion of the 
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range is also a desired effect of the use of weights, because the broader spectrum of scores 
will serve to differentiate the predictions of the ANNs. 
Table 2.19: Final results for the SLCA performed on the 15 projects 
Project Original SLCA 
Weighted 
SLCA 
1- Vacuum forming system 75 70 
2- Wind tunnel A 80 76.25 
3- Wax casting with metallic particles 77 70.5 
4- Plastic bag fusion and vacuum forming process 76 69 
5- Wind tunnel 4 83 80.75 
6- Virtual reality 1 87 84.25 
7- Vertical scissor press 81 77.75 
8- Wind tunnel 3 90 88.75 
9- Wind tunnel 2 82 79.25 
10- Augmented reality 2 89 87.25 
11- Laser engraver prototype 88 85.75 
12- Injection molder demonstrator 77 69.25 
13- Vacuum thermoformer design 79 71 
14- Mechanical thermoforming 95 93.75 




RUBRIC FOR REQUIREMENTS BASED ASSESSMENT OF PRODUCTS 
The projects utilized for this investigation include a report with details about the 
design process, besides the physical device itself. Among the material these reports contain 
is the list of requirements, which is assessed through a rubric developed to retrieve 
information related with environmental impacts of the products. The results from the 
assessment of this information from early stages of the design process are then compared 
with the environmental performance of the final products, which was obtained through the 
SLCA analysis. In this chapter the requirements lists of the projects are presented (Section 
3.1), and also the development (Section 3.2) and stabilization of the rubric (Section 3.3). 
Finally, the rubric is applied to the requirements to obtain a vector representative of the 
project designs from an environmental perspective (Section 3.4). 
3.1 Requirements of the projects 
The fifteen projects utilized for this study were developed by senior students for 
the ME 4010 – Mechanical Engineering Design course at Clemson University in the Spring 
of 2014 and Spring of 2015. Every one of them was accompanied by a report that contains 
the design requirements elicited as one of the tasks required for the course. These 
requirements are the final list that resulted from an iterative process of elicitation of the 
original requirements, and later generation, modification or elimination of other 
requirements throughout eight weeks of the course. This means that the final lists 
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considered for this work could have been edited when the design was in the embodiment 
stage, or even with the physical device in the process of manufacturing. 
The requirements lists for the fifteen projects can be found in Appendix C, and an 
example can be seen in Table 3.1. In general, they are organized as a table that contains the 
requirements as rows, with other associated relevant information organized in columns. 
The general layout of the lists involves the following columns: 
• Requirement number 
• Requirement 
• Justification 
• Target value 
• Constraint or criteria 
• Criteria weight 
Table 3.1: Example of requirements for Project 5 – Wind tunnel 4 
Num





1 Cost Total cost of entire project, including testing and final design. <=$300 Constraint  
1.1 Cost Minimize cost  Criteria 3 
1.2 Cost Maximum portion of total cost using personal funds 100 Constraint  
1.3 Cost Maximum portion of total cost using donated materials/supplies 100 Constraint  
1.4 Cost Maximum amount spend on materials 150 Criteria 4 
2 Safety 
No parts or assembly processes 
should pose risks to student’s health 
or cause any harm or injury 
0 possibility of 
injuries Constraint  
2.1 Safety No sharp edges on parts whether assembled or disassembled  0 sharp edges Criteria 9 
2.2 Safety No exposed uninsulated electrical wiring 0 wires Criteria 9 
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2.3 Safety Fan blade is encompassed by protective casing 
0 exposed fan 
blade Constraint  
2.4 Performance 
Expose fan blade on inside of tunnel 
to decrease interference and increase 
fluid flow 
0 interference 




The requirements are numbered for organization throughout the workflow. In some 
cases, the numbering are nested to group requirements into a determined category. For 
example, for Project 5 – Wind tunnel 4 the requirements 1, 1.1, 1.2 and 1.3 are related with 
the cost of the device. The requirement column contains the main statement that describes 
the requirement. The justification column provides further explanation for the reasons of 
the requirement being elicited. The target value has a numeric –or sometimes qualitative- 
goal for the requirement in case it applies; this is especially useful when the requirements 
are used for validation of the design to decide if the solution complies with what was 
previously stipulated [6]. The constrain or criteria column specifies if the requirement is a 
“must” for the project –in such a case it would be a constraint, or just an attribute that is 
desirable to have –a criteria. For the latter, in the column criteria weight it can be mentioned 
to what extent the requirement is important to be considered for the project; a 1 is a not 
very important requirement, while a 9 is almost a constraint [6]. The original requirements 
documents in some cases also included columns for the name of the individual that 
originated the requirement, the date it was elicited, the person responsible for checking it, 
and the date it was done. This information is useful for tracking the evolution of 
requirements given their dynamic nature [9], but this study deals with the final version and 
they are not included in Appendix C. Furthermore, the complete requirements documents 
were handed in by designers as complementary material of the design, but the written 
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reports contain just an abbreviated table with the requirement number, statement, 
justification, target value, and constraint or criteria column. 
3.2 Development of rubric 
A rubric is developed to capture information from the design requirements, relevant 
from an environmental standpoint. The traits considered for its creation, and the categories 
finally conceived are explained in the following sub-sections. 
3.2.1. Traits of the rubric 
One of the aspects considered for the rubric is that it has to be able to be used by 
engineers, even if they do not have a specific background on environmental issues. As was 
seen in the previous chapter, the SLCA tool simplified the full LCA in several ways, one 
of which is that, unlike the application of LCA, application of SLCA does not require a 
degree of specialization for the user; the same concept is deemed for the rubric. This is also 
a natural consequence since the tool is based in the design requirements; the requirements 
are elicited by design engineers and other stakeholders and, therefore, their assessment 
should not necessitate a special preparation from part of the user. Because the rubric needs 
human input to be used, and considering it goes through a complete list of requirements 
that, for the case of the fifteen projects, have dozens of them, a share of simplicity and 
conciseness is attempted to be kept. 
The coarse issues the rubric addresses should be aligned with the ones the SLCA 
deals with, to describe a line of continuity between these metrics utilized at different stages 
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in product development. A review of the requirements lists for the projects discloses that 
there are little references in the requirements to specific life stages of the product. In 
exchange, the requirements are rich in mentions to materials, energy and –to lesser extent- 
residues associated with the product, which are the stressors of the SLCA. For this reason, 
and in order to maintain simplicity, the rubric considers the stressors of material and energy 
involved with the product, and considers the different residues –solid, liquid or gaseous- 
as particular cases of materials (e.g., scraps from manufacture, fumes from operation, etc.). 
The final objective of developing the rubric is to come up with a metric descriptive 
of the complexity of the product, by making use of an early representation of the design –
the list of requirements. The rubric consists of a series of questions the assessor should 
evaluate for every single requirement within a requirements list. Every question can be 
answered in a binary fashion: by marking the question for a positive response, or leaving 
it blank for a negative response. An individual requirement may produce a positive answer 
for more than one rubric question. After the whole list is assessed, for every question the 
positive answers are summed in a bottom line, leading to a vector with as many elements 




Figure 3.1: Example of assessment of requirements with rubric 
3.2.2. Rubric questions 
As mentioned before, the questions of the rubric are related with the environmental 
stressors of the SLCA, which are the materials, energy, and solid, liquid and gaseous 
residues associated with the product. The residues are considered special types of materials, 
leading to two broad categories of questions: material and energy related. These categories 
are then split into sub-questions related with identification and reference to properties or 
performance, for the case of materials, and form, quantification and performance for the 
case of energy. In turn, each sub-category is classified in terms of degree of specification 
or explicitness. A total of 16 questions are generated for the rubric, which are shown in 
Table 3.2. The table provides examples of positive answers for every question, and should 
be kept as reference when using the rubric to assess a particular requirements list. 

















































































































1 Clamping device must withstand mold pressures Constraint 1 1 1 1 1
2 System should produce enough pressure to inject plastic Constraint 1 1 1 1 1 1
3 Nozzle threads in piping (barrel) must withstand injection pressures Constraint 1 1 1 1 1
4 Bearing design must withstand thrust Constraint 1 1 1 1
5 Electrical energy must be transferred to thermal energy Constraint 1 1 1 1 1 1
6 Thermal energy must melt the working material Constraint 1 1 1 1 1 1
7 Material should melt at temperatures less than 300 degrees F Constraint 1 1 1 1 1
8 Barrel material must withstand heat from heating element Constraint 1 1 1 1 1 1
9 Heating element must be guarded or insulated Constraint 1 1 1 1
10 All electrical circuits must be effectively grounded Constraint 1 1 1 1
11 Moving parts should be shrouded Constraint 1 1 1
12 The heating coils must not touch each other Constraint 1 1 1
13 Production time <50 minutes Constraint 1 1 1
14 System should allow for intentional flaws in the quality of the product Constraint 1 1
15 Must feed working material into the system Constraint 1 1
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Table 3.2: Questions of rubric for requirements based assessment of designs 
1. Is the requirement referred to MATERIALS utilized in the design? 
1.1. Is there an identification of the material? 
1.1.1. Reference to a specific material (technical specification or when can be unambiguously identified 
from context) 
Ex. 1: The chassis must be built with SAE 4130 chrome molybdenum steel; Ex. 2: Structure made with 2” commercial PVC pipe 
1.1.2. Reference to a material class (e.g. steel, balsa wood, PVC, etc.) 
Ex. 1: Viewing area made of plexiglass; Ex. 2: Interior of diffuser coated with self-solidifying resin 
1.1.3. Reference to a material family (the four material families are metals, ceramics, polymers and 
elastomers, and composites) 
Ex.: The tank cover should be made out of plastic 
1.2. Is there a reference to a property of the material? 
In this case, “material” can be interpreted as a component(s) 
1.2.1. The property is explicitly mentioned 
Ex. 1: Body of wind tunnel is strong; Ex. 2: The overall manufacturing cost of the device is at most $5000 
1.2.2. The property the requirement makes reference to can only be inferred 
Ex.: Maximum amount spend on materials: $150 (the property is “cost”) 
1.3. Is there a reference to the performance of the material?  
In this case, “material” can be interpreted as a component(s) 
1.3.1. The desired performance is explicitly mentioned 
Ex.: Honeycomb structure with screen(s) to reduce amount of turbulence 
1.3.2. The desired performance the requirement makes reference to can only be inferred 
Ex.: Minimize use of breakable materials and parts 
2. Is the requirement referred to ENERGY involved in the design? 
2.1. Is there a reference to the FORM of energy? 
Ex: kinetic, potential, thermal, chemical, electrical, electrochemical (battery), electromagnetic (light), sound, nuclear 
2.1.1. The form of energy is explicitly mentioned 
Ex.: Power supply generated by use of electrical outlet to eliminate use of batteries 
2.1.2. The form of energy can only be inferred 
Ex.: Tools required for assembly should be only hand tools 
2.2. Is there a quantification of the energy? 
2.2.1. A value with energy/power units is mentioned 
Ex.: The electric motor must have a power rating of 2.2 KW 
2.2.2. Values with another physical units make indirect reference to energy 
Ex.: A wind speed of at least 15 mph is needed for experiments 
2.2.3. The quantification of the energy is qualitative 
Ex.: System must not operate at a noise level that prohibits communication 
2.3. The requirement makes reference to energy performance 
2.3.1. Reference to energy consumption 
Ex.: The electric energy is taken from a 12 Volts DC power supply 
2.3.2. Reference to energy production 
Ex.: Device must heat casting material to melting temperatures 
2.3.3. Reference to energy efficiency 
Ex.: Heat losses should be minimized 
2.3.4. Reference to transportation 
Ex.: System must be able to be transported by one adult 
3. The requirement is not related with MATERIAL or ENERGY 
Do not mark the rubric. Ex. 1: Min. angle between diffuser and horizontal plane of 3 degrees; Ex. 2: The project must be completed by April 24th. 
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3.3 Stabilization of rubric output 
The questions for the rubric presented in Table 3.2 are the result of an iterative 
process of implementation of changes and test, to ensure that the output of the assessment 
contains the necessary information, which can be consistently obtained through the use of 
the rubric from different users. 
3.3.1. Iterations 
The first version of the rubric was based on a layout of questions similar to the 
elements of the ERP Assessment Matrix of the SLCA (see Table 2.2). It had sections to 
identify if the requirement made reference to the material, energy and residue stressor, 
where the latter included solid, liquid and gaseous residues. For each stressor, a series of 
five questions pointed towards identifying the life stage a requirement would make 
reference to; these were premanufacture, manufacture, packaging and delivery, use and 
post-use. This version was discarded because of the difficulty to identify life stages for the 
requirements. 
The second version considered only the stressors of materials and energy, and not 
the life stages. The questions of the rubric were similar to the ones in the final version 
presented in Table 3.2, but it made use of a system of weights for every section that added 
complexity to the rubric, which is a desired trait of the rubric, as was seen in Section 3.2.1. 
The third version of the rubric is the final one, but slight changes related with 
specific words or the examples utilized for clarification were introduced. These minor 
changes emerged from suggestions made by raters that used the rubric to assess a series of 
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fake requirements for the purpose of determining the consistency of results between 
different users, as is explained in the following section. 
3.3.2. Interrater agreement 
The use of the rubric is a task inherently biased by the subjectivity of the user, 
because the user is who ultimately judges the content of the requirements and assigns a 
result to every question of the rubric when performing the assessment. The clarity of the 
questions and the examples provided in the rubric should attempt to minimize the 
deviations. A test is performed to determine the consistency of the obtained results when 
the rubric is used by different assessors. For the test, a list of 27 invented requirements is 
considered. Two raters A and B are asked to assess that same list with the rubric; the results 
can be found in Appendix C. The raters are mechanical engineers taking graduate studies; 
none of them have experience working in industry. Table 3.3 presents the results of an 
interrater agreement analysis. 
Table 3.3: Interrater agreement for testing of rubric 














1.1.1. Specific material 25 2 92.6% 0.471 
1.1.2. Material class 25 2 92.6% 0.71 
1.1.3. Material family 27 0 100.0% 1 
1.2. Reference to 
a property? 
1.2.1. Explicit 25 2 92.6% 0.471 
1.2.2. Implicit 24 3 88.9% 0.521 
1.3. Reference to 
performance? 
1.3.1. Explicit 23 4 85.2% 0.26 








2.1. Energy form 
2.1.1. Explicit 27 0 100% 1 
2.1.2. Implicit 24 3 88.9% 0.362 
2.2. 
Quantification 
2.2.1. Value with 
energy/power units 26 1 96.3% 0.78 
2.2.2. Value with indirect 
reference to energy 26 1 96.3% 0.649 
2.2.3. Qualitative 26 1 96.3% 0.836 
2.3. Energy 
performance 
2.3.1. Consumption 27 0 100% 1 
2.3.2. Production 25 2 92.6% 0.471 
2.3.3. Efficiency 27 0 100% 1 
2.3.4. Transport 27 0 100% 1 
 
The Cohen’s Kappa values can be classified according to the guidelines provided 
by [85]. The results are shown in Table 3.4. It can be observed that 87.5% of the questions 
presented at least a moderate agreement, while 62.5% of the questions presented almost 
perfect or substantial agreement. 
Table 3.4: Characterization of agreements for rubric test 





0 – 0.20 Slight 0 0 
0.21 – 0.40 Fair 2 12.5% 
0.41 – 0.60 Moderate 4 25% 
0.61 – 0.80 Substantial 3 18.75% 
0.81 - 1 Almost perfect 7 49.75% 
Total: 16 100% 
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3.4 Assessment of products with rubric 
The rubric for assessment of design requirements outlined and stabilized can now 
be used for the assessment of the requirements lists of the fifteen products considered for 
this work. The individual assessments can be found in Appendix D, and the vectors that 
result from summation of the positive answers for each rubric question are shown in Table 
3.5. 
It can be noticed that the rubric includes two new elements, which are independent 
of the assessment from part of the user. The first one is “Requirement unrelated to material 
or energy”, which contains the number of requirements that are considered not related to 
materials or energy. In this case, the assessor leaves the row corresponding to the particular 
requirement blank, without any marks, as suggested in point 3 of the rubric questions 
presented in Table 3.2, and then a mark is added to this cell. The second element is “Total 
number of requirements”, which incorporates the total number of requirements included in 
the list for the project being assessed. This is objective data from the project, independent 
of the criterion of the user of the rubric. These two elements are incorporated to feed the 
ANN with information that may relevant for the mapping to SLCA scores. Therefore, the 
vector that serves as a metric from early stages of design of the products has 18 elements. 
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material 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
1.1.2. Material 
class 1 0 1 1 15 4 1 0 1 0 1 1 0 2 5 
1.1.3. Material 
family 6 0 4 11 2 1 2 2 1 1 1 6 0 0 1 
1.2. Reference 
to a property? 
1.2.1. Explicit 10 6 12 16 18 13 7 3 10 10 17 5 2 9 6 




1.3.1. Explicit 9 7 10 6 2 5 6 5 4 4 10 7 3 3 4 










2.1.1. Explicit 6 8 6 3 4 2 2 1 6 2 12 11 0 6 1 












8 4 3 5 1 2 2 1 6 0 5 2 1 3 2 
2.2.3. 




Consumption 2 1 6 5 4 1 2 0 2 1 4 12 1 4 1 
2.3.2. 
Production 8 10 6 14 13 1 3 5 9 4 15 14 0 4 3 
2.3.3. 
Efficiency 10 4 8 6 9 3 5 1 2 1 2 8 5 5 4 
2.3.4. 
Transport 1 3 4 2 2 0 1 1 1 2 4 3 2 3 2 
Requirement unrelated to material 
or energy 6 4 13 9 10 2 14 6 3 4 10 6 8 10 4 
Total number of requirements 36 30 66 64 94 39 46 23 36 28 51 51 21 34 21 
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The vectors obtained from the assessment of the requirements are used as input data 
for the ANN by considering two methods. One of them is the vocabulary processing 
method (VP), which uses directly the 18-elements vectors presented in Table 3.5. The other 
is the graph complexity connectivity method (GC), which uses a bipartite graph to create a 
complexity metric with 29 elements. Twelve projects are used to train the ANN, while 
three are used to test the predictions by comparing them with the actual target scores. This 
analysis is presented in Chapter 4. 
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Chapter 4 
ANALYSIS AND RESULTS 
With the vectors representative of the environmental performance of the products 
obtained from design requirements and the SLCA scores of the final products, the next step 
is to study if a connection between both can be discovered. For this purpose, an artificial 
neural network (ANN) is used with the capacity of mapping the input with multiple 
elements into the single-element output. Of the fifteen projects used for the study, twelve 
are used for training the ANN, while three are used for testing the accuracy of the 
predictions against the actual scores. Two methods are used to transform the information 
obtained from the rubric into usable vectors to be processed with the ANN: vocabulary 
processing method (VP) and graph complexity connectivity method (GC). In this chapter 
the predictions obtained from each method are presented (Section 4.1), as well as an 
analysis of the results when the number of requirements is reduced for a given project 
(Section 4.2). 
4.1 Predictions of SLCA scores 
The vectors obtained from processing the requirements with the rubric and the 
SLCA targets are used to train a set of 189 ANN architectures with varied number of 
neurons and layers. Each architecture is repeated 100 times in order to avoid the sensitivity 
to initial weights in the ANN, resulting in 18,900 trained values. This means that the ANN 
do not converge to a single value, but give these multiple outputs in a Gaussian distribution, 
as will be seen in the figures of the distribution of outputs. The ANN is a cascade forward 
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backpropagation type of neural network. This method has been previously used to predict 
assembly times from assembly models [27], [28] and market price from function structures 
[75]. The tables of results present predicted SLCA values, which are the mean of the 18,900 
predictions, and the calculated standard deviations reflect the dispersion of the predictions. 
The errors account for the distance between target and predicted scores; three type of errors 
are considered, residual, standard and normalized errors, which are calculated as follows: 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = |𝑇𝑇𝑅𝑅𝑒𝑒𝑇𝑇𝑅𝑅𝑇𝑇 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑃𝑃𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑇𝑇𝑅𝑅𝑅𝑅 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅| 
𝑆𝑆𝑇𝑇𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑒𝑒𝑅𝑅 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �




|𝑇𝑇𝑅𝑅𝑒𝑒𝑇𝑇𝑅𝑅𝑇𝑇 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑃𝑃𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑇𝑇𝑅𝑅𝑅𝑅 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅|2
|𝑇𝑇𝑅𝑅𝑒𝑒𝑇𝑇𝑅𝑅𝑇𝑇 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑇𝑇𝑅𝑅𝑅𝑅 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅|
 
The residual error expresses the distance between the prediction and the target. The 
standard error considers that distance, but relative to the target value of the measurement. 
The normalized error accounts for the distance between prediction and target relative to the 
two of them; this error is especially useful when the scale of the values is large [29], [30], 
[86]–[88]. 
4.1.1. Vocabulary Processing Method 
For the vocabulary processing method (VP) the input to the ANN is directly the 
vector obtained from the assessment of the requirements list with the rubric. This vector 
has eighteen elements: seven correspond to references to materials related to the product, 
nine correspond to references to energy, one accounts for the requirements non related to 
any of the two previous aspects, and the last one account for the total number of 
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requirements contained in the list. Twelve of these vectors are mapped to the corresponding 
SLCA scores to train the ANN, which then is used to predict SLCA scores based on the 
vectors of the remaining three projects; predicted and actual scores are then compared. 
Different combinations of twelve products used for training and three for testing 
can be selected. Table 4.1 shows the results of the predictions for ten trials which consider 
distinct sets of products for training and testing. Trials 1 and 3 consider testing products 
for which the target SLCA are the lowest and the highest in the SLCA range, respectively. 
Trial 2 uses testing products right in the middle of the range. Trials 6 and 7 use testing 
products in the second and fourth fifths of the range. Trials 4 and 8 consider testing 
products distributed across the range, while Trial 5 uses the two products from the extremes 
and the one in the center of the range. Finally, Trials 9 and 10, instead of being based on 
the target values, are based on the input vectors for selecting the products for testing. They 
consider the distance of each vector to the centroid of all vectors in an 18-dimension space 
(18 is the number of elements of the vectors); Trial 9 uses the vectors with the smallest 
total distance, and Trial 10 uses the vectors with the smallest cosine of the distance. These 
criteria for selecting testing products is presented in [76]. 
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Table 4.1: Results obtained for different sets of products used for training, with 
















SLCA Target 70 69 69.25 Target ranking: P4 < P12 < P1 
SLCA Predict. 78.23 83.10 85.11 Prediction ranking:  P1 < P4 < P12 
Std. Dev. 23.70 32.83 3.59  Maximum St. Dev.: 32.83 
Res. error 8.23 14.10 15.86 Avg. Residual error: 12.73 
Std. error 0.118 0.204 0.229 Avg. Standard error: 0.184 










SLCA Target 80.75 77.75 79.25 Target ranking: P7 < P9 < P5 
SLCA Predict. 83.98 80.76 82.42 Prediction ranking:  P7 < P9 < P5 
Std. Dev.  42.55 14.35 13.25  Maximum St. Dev.: 42.55 
Res. error 3.23 3.01 3.17 Avg. Residual error: 3.14 
Std. error 0.040 0.039 0.040 Avg. Standard error: 0.040 














SLCA Target 88.75 93.75 87.5 Target ranking: P15 < P8 < P14 
SLCA Predict. 80.03 77.12 78.13 Prediction ranking:  P14 < P15 < P8 
Std. Dev. 9.01 9.49 8.78  Maximum St. Dev.: 9.49 
Res. error 8.72 16.63 9.37 Avg. Residual error: 11.58 
Std. error 0.098 0.177 0.107 Avg. Standard error: 0.128 












SLCA Target 79.25 85.75 71 Target ranking: P13 < P9 < P11 
SLCA Predict. 82.10 75.33 88.81 Prediction ranking:  P11 < P9 < P13 
Std. Dev. 12.44 19.63 14.66  Maximum St. Dev.: 19.63 
Res. error 2.85 10.42 17.81 Avg. Residual error: 10.36 
Std. error 0.036 0.121 0.251 Avg. Standard error: 0.136 















SLCA Target 69 77.75 93.75 Target ranking: P4 < P7 < P14 
SLCA Predict. 78.14 78.64 76.95 Prediction ranking:  P14 < P4 < P7 
Std. Dev. 18.44 11.67 11.58  Maximum St. Dev.: 18.44 
Res. error 9.14 0.89 16.80 Avg. Residual error: 8.94 
Std. error 0.132 0.011 0.179 Avg. Standard error: 0.108 














SLCA Target 76.25 70.5 71 Target ranking: P3 < P13 < P2 
SLCA Predict. 84.38 81.79 88.21 Prediction ranking:  P3 < P2 < P13 
Std. Dev. 15.97 26.35 14.22 Maximum St. Dev.: 26.35 
Res. error 8.13 11.29 17.21 Avg. Residual error: 12.21 
Std. error 0.107 0.160 0.242 Avg. Standard error: 0.170 












SLCA Target 84.25 87.25 85.75 Target ranking: P6 < P11 < P10 
SLCA Predict. 81.13 84.12 81.52 Prediction ranking:  P6 < P11 < P10 
Std. Dev. 16.59 14.16 20.97 Maximum St. Dev.: 20.97 
Res. Error 3.12 3.13 4.23 Avg. Residual error: 3.49 
Std. error 0.037 0.036 0.049 Avg. Standard error: 0.041 











SLCA Target 76.25 80.75 87.25 Target ranking: P2 < P5 < P10 
SLCA Predict. 81.48 83.36 84.64 Prediction ranking:  P2 < P5 < P10 
Std. Dev. 13.93 43.99 14.04 Maximum St. Dev.: 43.99 
Res. Error 5.23 2.61 2.61 Avg. Residual error: 3.48 
Std. error 0.069 0.032 0.030 Avg. Standard error: 0.044 













SLCA Target 79.25 93.75 77.75 Target ranking: P7 < P9 < P14 
SLCA Predict. 81.24 76.85 77.32 Prediction ranking:  P14 < P7 < P9 
Std. Dev. 10.25 11.74 11.94 Maximum St. Dev.: 11.94 
Res. Error 1.99 16.90 0.43 Avg. Residual error: 6.44 
Std. error 0.025 0.180 0.005 Avg. Standard error: 0.070 













SLCA Target 71 76.25 69.25 Target ranking: P12 < P13 < P2 
SLCA Predict. 87.51 83.35 78.95 Prediction ranking:  P12 < P2 < P13 
Std. Dev. 13.72 13.09 26.83 Maximum St. Dev.: 26.83 
Res. error 16.51 7.10 9.70 Avg. Residual error: 11.10 
Std. error 0.233 0.093 0.140 Avg. Standard error: 0.155 
Norm. error 0.044 0.008 0.017 Avg. Normalized error: 0.023 
 
4.1.2. Graph Complexity Connectivity Method 
Another way to use the information obtained from the assessment of the 
requirements is by considering the graph complexity connectivity method (GC) [26]–[29], 
[39], [75], [89]. For this, the output from the rubric is transformed into a bipartite graph, as 
shown in Figure 4.1. Then, the graph complexity metrics are generated based on this 
bipartite graph using a complexity analysis tool [90]. 
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Figure 4.1: Generation of a bipartite graph from results of requirements assessment 
rubric 
After the bipartite graphs are generated, the 29 complexity metrics need to be 
calculated for every product. These metrics are summarized in Table 4.4, and the value 
assigned to each of them form the vector used as input for the ANN. The method is 
presented in detail in [74]. 
Table 4.2: List of the 29 complexity metrics used in the graph complexity 
connectivity method [74] 
Size 
Dimensional Elements Relationships 





















• Requirement #1 
• Requirement #2 
• Requirement #3 
• Requirement #4 
• Requirement #5 
RUBRIC QUESTIONS 
• Question #1 
• Question #2 
• Question #3 





















The same combinations of products for training and testing are used with these new 
metrics. The results for the corresponding ten Trials are presented in Table 4.3. 
Table 4.3: Results obtained for different sets of products used for training, with 




1 – Vacuum 
forming 
system 









SLCA Target 70 69 69.25 Target ranking: P4 < P12 < P1 
SLCA Predict. 87.40 74.77 88.45 Prediction ranking:  P4 < P1 < P12 
Std. Dev. 13.24 19.30 11.97 Maximum St. Dev.: 19.30 
Res. error 17.40 5.77 19.20 Avg. Residual error: 14.13 
Std. error 0.249 0.084 0.277 Avg. Standard error: 0.203 





5 – Wind 
tunnel 4 
7 – Vertical 
scissor press 
9 – Wind 
tunnel 2 
SLCA Target 80.75 77.75 79.25 Target ranking: P7 < P9 < P5 
SLCA Predict. 74.56 80.50 81.24 Prediction ranking:  P5 < P7 < P9 
Std. Dev. 25.86 20.45 10.07 Maximum St. Dev.: 25.86 
Res. error 6.19 2.75 1.99 Avg. Residual error: 3.64 
Std. error 0.077 0.035 0.025 Avg. Standard error: 0.046 













SLCA Target 88.75 93.75 87.5 Target ranking: P15 < P8 < P14 
SLCA Predict. 75.66 77.62 76.31 Prediction ranking:  P8 < P15 < P14 
Std. Dev. 13.04 11.02 12.89 Maximum St. Dev.: 13.04 
Res. error 13.09 16.13 11.19 Avg. Residual error: 13.47 
Std. error 0.147 0.172 0.128 Avg. Standard error: 0.149 












SLCA Target 79.25 85.75 71 Target ranking: P13 < P9 < P11 
SLCA Predict. 82.02 77.59 85.17 Prediction ranking:  P11 < P9 < P13 
Std. Dev. 13.91 18.47 24.26 Maximum St. Dev.: 24.26 
Res. error 2.77 8.16 14.17 Avg. Residual error: 8.37 
Std. error 0.035 0.095 0.200 Avg. Standard error: 0.110 
















SLCA Target 69 77.75 93.75 Target ranking: P4 < P7 < P14 
SLCA Predict. 75.62 78.24 83.62 Prediction ranking:  P4 < P7 < P14 
Std. Dev. 17.45 17.30 8.96 Maximum St. Dev.: 17.45 
Res. error 6.62 0.49 10.13 Avg. Residual error: 5.75 
Std. error 0.096 0.006 0.108 Avg. Standard error: 0.070 













SLCA Target 76.25 70.5 71 Target ranking: P3 < P13 < P2 
SLCA 
Prediction 70.11 73.29 81.78 Prediction ranking:  P2 < P3 < P13 
Std. Dev. 20.56 16.08 22.21 Maximum St. Dev.: 22.21 
Res. error 6.14 2.79 10.78 Avg. Residual error: 6.57 
Std. error 0.081 0.040 0.152 Avg. Standard error: 0.091 













SLCA Target 84.25 87.25 85.75 Target ranking: P6 < P11 < P10 
SLCA Predict. 84.65 78.62 76.81 Prediction ranking:  P11 < P10 < P6 
Std. Dev. 12.37 25.91 14.80 Maximum St. Dev.: 25.91 
Res. error 0.40 8.63 8.94 Avg. Residual error: 5.99 
Std. error 0.005 0.099 0.104 Avg. Standard error: 0.069 











SLCA Target 76.25 80.75 87.25 Target ranking: P2 < P5 < P10 
SLCA Predict. 69.82 76.24 78.41 Prediction ranking:  P2 < P5 < P10 
Std. Dev. 25.67 27.97 32.19 Maximum St. Dev.: 32.19 
Res. error 6.43 4.51 8.84 Avg. Residual error: 6.59 
Std. error 0.084 0.056 0.101 Avg. Standard error: 0.081 












SLCA Target 77.75 79.25 93.75 Target ranking: P7 < P9 < P14 
SLCA Predict. 77.54 79.56 83.19 Prediction ranking:  P7 < P9 < P14 
Std. Dev. 16.92 9.11 9.66 Maximum St. Dev.: 16.92 
Res. error 0.21 0.31 10.56 Avg. Residual error: 3.69 
Std. error 0.003 0.004 0.113 Avg. Standard error: 0.040 














SLCA Target 76.25 69.25 71 Target ranking: P12 < P13 < P2 
SLCA Predict. 70.85 83.79 80.09 Prediction ranking:  P2 < P13 < P12 
Std. Dev. 20.91 14.22 21.01 Maximum St. Dev.: 21.01 
Res. error 5.40 14.54 9.09 Avg. Residual error: 9.68 
Std. error 0.071 0.210 0.128 Avg. Standard error: 0.136 
Norm. error 0.005 0.036 0.015 Avg. Normalized error: 0.019 
 
4.1.3. Analysis and comparison of results 
It can be observed from Table 4.1 and Table 4.3 that the accuracy of the predictions 
is dependent on which products are selected for training and testing of the ANN. This 
means that the approach used for this study cannot be considered robust in terms of the 
consistency of the obtained results. The charts for corresponding trials between VP and GC 
methods indicate that the general tendency of the results is conserved using one approach 
or the other. The predictions for Trials 1 and 3 are poor because the errors are greater than 
the any other errors for other trials. This is justified by the fact that the SLCA targets that 
are trying to be predicted are out of the range of the targets used for training; the ANN has 
no base of information to estimate such outputs and then the inaccuracy is expected. The 
same reasoning applies for Trials 5 and 9, in which two and one of the targets are out of 
range, respectively; still, the predictions of the targets within the range have small errors. 
These four trials are not considered for further analysis. 
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Table 4.4 summarizes the results obtained from Trials 2, 4, 6, 7, 8 and 10, for the 
VP and GC methods. It compares the ranking of the target and predicted SLCA scores by 
assigning an order score according to coincidences between both. It also includes the 
average errors and maximum standard deviations. It can be observed that the order score 
is consistently higher for VP over GC, having the VP a perfect ranking prediction in three 
out of six trials. The errors and maximum standard deviations are favorable to the GC 
method, since they are lower in four of the six trials.  
Table 4.4: Comparison of results across trials, for VP and GC methods 
Trial Method 
Ranking Average errors Max. St. 
dev. Target Prediction Order score Residual Standard Normal 
Trial 2 
VP 
P7 < P9 < P5 
P7 < P9 < P5 3/3 3.14 0.040 0.0015  42.55 
GC P5 < P7 < P9 1/3 3.64 0.046 0.0027  25.86 
Trial 4 
VP 
P13 < P9 < P11 
P11 < P9 < P13 0/3 10.36 0.136 0.0228  19.63 
GC P11 < P9 < P13 0/3 8.37 0.110 0.0148  24.26 
Trial 6 
VP 
P3 < P13 < P2 
P3 < P2 < P13 2/3 12.21 0.170 0.0266 26.35 
GC P2 < P3 < P13 1/3 6.57 0.091 0.0095  22.21 
Trial 7 
VP 
P6 < P11 < P10 
P6 < P11 < P10 3/3 3.49 0.041 0.0018 20.97 
GC P11 < P10 < P6 1/3 5.99 0.069 0.0077  25.91 
Trial 8 
VP 
P2 < P5 < P10 
P2 < P5 < P10 3/3 3.48 0.044 0.0021 43.99 
GC P2 < P5 < P10 3/3 6.59 0.081 0.0075  32.19 
Trial 10 
VP 
P12 < P13 < P2 
P12 < P2 < P13 2/3 11.10 0.155 0.0230 26.83 
GC P2 < P13 < P12 0/2 9.68 0.136 0.0188  21.01 
 
In order to determine if the differences detected between the VP and GC methods 
are substantial, ANOVA tests are performed and presented in Table 4.5 [91]. The mean 
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and standard deviations of the values presented in Table 4.4 across the trials are displayed, 
as well as the p-values when comparing VP and GC methods, considering paired values 
from the same population, given that they are originated from the same rubric. The 
statistical analysis indicates that there is evidence for considering the VP method preferable 
over the GC in order to obtain more accurate ranking orders, but the difference in favor of 
the GC method to obtain lower errors and deviations in the predictions is not significant. 
Table 4.5: ANOVA tests to determine significant differences between VP and GC 
methods 
Processing 
method Parameter Order score 
Average errors Max. St. 
dev. Residual Standard Normal 
VP 
Mean across trials 2.17 7.30 0.097 0.013 30.05 
St. Dev. across trials 1.17 4.34 0.062 0.012 10.64 
GC 
Mean across trials 1.00 6.81 0.089 0.010 25.24 
St. Dev. across trials 1.10 2.07 0.032 0.006 3.93 
ANOVA tests 
VP vs. GC 
p-value 0.034 0.726 0.635 0.474 0.232 
Conclusion 












4.2 Predictions when removing requirements 
An experiment was performed to determine the impact on the predictions when the 
number of requirements of a given product is reduced. The experiment was performed to 
contrast the assumption that the higher the number of requirements, the higher would be 
the precision in the prediction. The product selected to perform this test is Product 7: 
Vertical scissor press, which has an intermediate SLCA score (77.75) and intermediate 
number of requirements (46 requirements) with respect to all the products in consideration. 
An initial prediction of the SLCA for Product 7 is performed with the full list of 
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requirements, training the ANN with the remaining fourteen products. Then 10% of the 
requirements are removed and the prediction is calculated using the same ANN. The same 
proceeding is performed for 20% of the requirements removed, and finally 30% of the 
requirements removed; this implies removing 5, 9 and 14 requirements, respectively. The 
criterion to select which requirements to remove is a random selection. To increase the 
reliability of the experiment, five groups of different sets of removed requirements are 
considered for each case. 
4.2.1. Vocabulary Processing Method 
The experiment is first performed using the VP method. The results are presented 
in Table 4.6, and a graph of them can be seen in Figure 4.2. No significant variations are 
encountered in the predictions, errors or deviations when the requirements are removed. 
Table 4.6: Predictions for Product 7 when removing requirements, using VP 









Deviation Residual error Standard Error 
100% 77.75 82.13 13.83 4.38 0.056 












90% - Group B 77.75 80.99 11.86 3.24 0.042 
90% - Group C 77.75 81.50 13.36 3.75 0.048 
90% - Group D 77.75 81.70 13.83 3.95 0.051 
90% - Group E 77.75 82.36 14.16 4.61 0.059 












80% - Group B 77.75 83.47 12.82 5.72 0.074 
80% - Group C 77.75 80.71 13.13 2.96 0.038 
80% - Group D 77.75 82.62 14.08 4.87 0.063 
80% - Group E 77.75 83.47 13.18 5.72 0.074 
 90 












70% - Group B 77.75 79.89 11.06 2.14 0.028 
70% - Group C 77.75 81.20 12.49 3.45 0.044 
70% - Group D 77.75 81.40 11.20 3.65 0.047 
70% - Group E 77.75 83.44 14.52 5.69 0.073 
 
 
Figure 4.2: Graph of predictions for Product 7 when removing requirements, using 
vocabulary processing method 
In Figure 4.3 it is presented a histogram of the distribution of the 18,900 predictions 
calculated by the ANN, for the case with 100% of the requirements. It shows a clear normal 
distribution around the mean values. The histograms for the cases with 90%, 80% and 70% 








Figure 4.3: Distribution of ANN predictions for Product 7 based on 100% of 
requirements, using VP method 
4.2.2. Graph Complexity Connectivity Method 
Similar calculations are performed considering the GC method. The results are 
presented in Table 4.7, and a graph of them in Figure 4.4. In this case, it can be noted that 
when more requirements are removed the predicted SLCA is further from the target, which 
is reflected by an increase in the residual and standard errors. Furthermore, the standard 
deviations present a small increment when more requirements are removed. 
Table 4.7: Predictions for Product 7 when removing requirements, using GC 









Deviation Residual error Standard Error 
100% 77.75 78.54 19.15 0.79 0.010 
90% - Group A 77.75 78.36 20.45 0.61 0.008 
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90% - Group C 77.75 78.13 18.32 0.38 0.005 
90% - Group D 77.75 77.98 18.55 0.23 0.003 
90% - Group E 77.75 78.36 20.45 0.61 0.008 












80% - Group B 77.75 79.39 20.11 1.64 0.021 
80% - Group C 77.75 77.98 16.49 0.23 0.003 
80% - Group D 77.75 78.46 14.75 0.71 0.009 
80% - Group E 77.75 79.19 20.76 1.44 0.019 












70% - Group B 77.75 79.05 14.76 1.30 0.017 
70% - Group C 77.75 83.56 17.69 5.81 0.075 
70% - Group D 77.75 79.62 17.28 1.87 0.024 
70% - Group E 77.75 82.69 19.68 4.94 0.064 
 
 
Figure 4.4: Graph of predictions for Product 7 when removing requirements, using 
vocabulary processing method 
In Figure 4.5 it is presented a histogram of the distribution of the 18,900 predictions 







GC method shows a clear normal distribution around the means. The histograms for the 
cases with 90%, 80% and 70% of the requirements can be found in Appendix E 
 
Figure 4.5: Distribution of ANN predictions for Product 7 based on 100% of 





CONCLUSIONS AND FUTURE WORK 
The objective of this thesis has been to study if the environmental performance of 
a product can be predicted from the design requirements elicited during early stages of the 
design process. With this purpose, fifteen products were analyzed with an environmental 
assessment tool, and their design requirements were processed with an assessment rubric 
developed to this end; correlation between both were investigated by making use of an 
artificial neural network (ANN). 
In Chapter 1, the importance of the concept of sustainability –and particularly 
environmental aspects, and the interests in the design community regarding design 
requirements are identified as the motivators for this work. Also, background information 
about design requirements, sustainability and environmental assessment tools, and ANN 
was reviewed, as they are the core topics that were used in the work. Chapter 2 provides a 
description of the streamlined life-cycle assessment (SLCA) tool that was used to perform 
the environmental assessment of the products used for the study. The products were the 
result of 15 design projects carried by senior students for an engineering course, which are 
descripted in this Chapter, along with the SLCA of each of them. In Chapter 3, the 
development of the tool used to process the design requirements is presented. It is a rubric 
that guides engineers in the assessment of the requirements, resulting in a vector that can 
later be processed by the ANN. The application of the rubric to the design requirements of 
the projects can also be found in this chapter. Chapter 4 displays the results obtained 
through the processing of the data collected in the previous chapters with ANNs. They 
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include the predictions obtained when twelve projects are used for training of the ANN, 
and the remaining three are used for testing; in addition, the predictions when some 
requirements for a given project are removed can be found. 
In this chapter the conclusions derived from the analysis of the results are presented 
(Section 5.1), as well as the research limitations that are recognized (Section 5.2) and future 
work that is recommended (Section 5.3), based on the findings of this thesis. 
5.1 Conclusions derived from this research 
This research was motivated and developed considering that design requirements 
are representations of the design problem that are worth investigating, for several reasons. 
The elicitation of requirements takes place when the design problem is being defined; that 
is, at early stages in the process. For this reason, any requirements-based tool that helps the 
designer in making decisions would impact in saving time and resources. If the elicitation 
process is performed in a conscious and mindful way, then the statements should reflect 
the facets and goals that are desired for the product, which will drive the design process 
and will ultimately be manifested in the final product. Furthermore, the requirements 
capture inputs from several stakeholders, adding more value to the information they 
contain. This work focused on attempting to use the design requirements to predict a 
particular feature of products, in this case their environmental performance, which would 
demonstrate the value design requirements have and the attention they deserve in order to 
obtain better products through less costly and time consuming design processes. 
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Several trials were considered using different groups of twelve products for training 
the ANN, and three products for testing the predictions. The results obtained show that the 
predictions are stable, because in all cases analyzed they fall within the range of scores 
used for training. For all trials considered, the maximum average residual error registered 
across the predictions for three products was 12.21. This is almost half of the range of 
SLCA scores for the fifteen products, which was 24.75, based on a maximum of 93.75 for 
product 14, and 69 for product 4. These results are not solid in terms of accuracy of 
predictions, but they are in terms of the stability of the method utilized for the investigation. 
More accurate predictions were obtained in other trials, showing that the accuracy 
was highly dependent on the groups selected for training and testing. The predictions were 
poor in the cases in which the target scores were out of the range of SLCA scores used for 
training; this resulted in discarding the trials that had testing products on the extremes of 
the range. The Vocabulary processing method (VP) and the Graph complexity connectivity 
method (GC) lead to comparable results. Although the GC method resulted in less error in 
four of the six trials, an ANOVA test revealed that this difference cannot be considered 
significant. In terms of the ranking of the score predictions with respect to the ranking of 
the target scores, the VP method led to more accurate predictions than the GC method, 
which was verified through an ANOVA test. Using the VP method, in three trials out of 
the six, the ranking prediction was perfect, in two trials two orderings were correct and one 
was incorrect, and in just one trial the ranking prediction was completely flipped. 
An experiment was performed in which 10%, 20%, and 30% of the requirements 
were removed for a given project, and the predictions were calculated for each case. It was 
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considered that fewer requirements would lead to less accurate predictions and with higher 
standard deviations. For the VP method, this could not be verified because the predictions 
gave similar scores and standard deviations. Using the GC method, the errors were 
increased as well as the standard deviations, but the changes are not significant. 
The results are not conclusive in terms of the accuracy of the predictions. Some 
limitations that contribute to explain the reasons are discussed in the following section. 
However, the method used for the investigation is stable and can be improved for further 
investigation. The research question about the possibility of performing environmental 
assessment of a product using design requirements was useful at driving this investigation, 
but remain unanswered to this point in the research.  
RQ: Is it possible to assess a product design in terms of 
environmental impact from early stage design requirements? 
5.2 Research limitations 
Some issues were identified as limitations in the presented research, and can be 
considered for explaining the inconclusive results. First, the projects used for the study 
were of a very specific type: products developed by students for an engineering course. For 
their development, the students were given guidelines dealing with budget limitations and 
progress schedule, but they were not given specific instructions regarding environmental 
considerations. Therefore, it can be argued that such considerations were not made explicit 
–or implicit- in the design requirements, leading to the question about whether the method 
used in this research was not entirely successful at capturing information, or the 
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information was not there from the beginning. This can only be answered with more 
research, as proposed in the following section. 
In addition, besides the projects being unrepresentative of design and 
manufacturing practices, the number of cases utilized (fifteen) can be considered small, 
mostly when the work involves training ANN [92]. Limitations in the developed rubric can 
also be mentioned: it does not capture other stressors apart from materials and energy, and 
does not consider the life-cycle stages of the product, which do matter when performing an 
environmental assessment of the products. Furthermore, the rubric does not weight 
individual requirements by their degree of connection with environmental aspects, and 
disregards the fact that a requirement can be a constraint or criteria. 
5.3 Proposed future work 
Future work can be conducted in order to further explore the potential of design 
requirements to assist designers in making decisions early in the design process, in order 
to achieve better designs, in a less costly and time consuming manner. Two lines of 
investigation are identified: exploring the utility of design requirements within the field of 
environmental performance of products, or expanding the study to other engineering fields. 
As to exploring design requirements for other engineering fields, previous research was 
performed in the CEDAR laboratory at Clemson University related to prediction of 
assembly time or marketing cost of products [26], [31], [38], which was mainly based on 
function structures, but similar aspects of engineering could be studied using design 
requirements. Ongoing research is this laboratory is being conducted to analyze and 
 99 
classify the information of requirement lists by processing the statements through the 
accountancy of individual words that compose them, and the grammatical structure they 
consist of. In addition, there is interest in studying how requirements evolve throughout 
the design process [20]. 
Future work in using design requirements for environmental assessment of products 
should consider products that were developed taking into account the Design for 
Environment philosophy [3], [77], [78]. In this way, the uncertainty of whether such 
features were considered when eliciting the requirements is reduced. Furthermore, the 
results when analyzing cases that considered environmental aspects during their design 
processes or not, and the final products that resulted from those processes can be derived 
and studied. Such line of future research should attempt to redesign the requirements 
assessment rubric by trying to capture the stressors and life-cycle perspective that 
















One-page tutorials to use environmental assessment tools  
SLCA (Thomas E. Graedel, 1998 [5]) 
SLCA is a tool to perform a semi-quantitative Life Cycle Assessment of a product, in a modest 
depth. It makes use of a matrix that relates life cycle stage and environmental concern, which 
scoring system provides a straightforward means of comparing options. It is a slight variation 
of ERP or Abridged LCA [71], [72], which includes scoring guidelines and protocols. SLCA has the 
following characteristics: 
- Enable direct comparison among rated products 
- Usable and consistent across different assessment teams 
- Encompass all stages of life cycle and all relevant environmental concerns 
- Simple enough to permit relatively quick and inexpensive assessments 
For the application of the tool, the following steps are to be executed: 
1. Identify for the product the five Life Cycle stages: Premanufacture, Product 
manufacture, Product packaging and transport, Product use, and Refurbishment-
recycling-disposal. 
2. Identify for the product the five Environmental concerns: Materials choice, Energy use, 
Solid residues, Liquid residues, Gaseous residues. 
3. The Design for Environment (DFE) assessor assigns to each element of the matrix an 
integer rating from 0 (highest impact, very negative evaluation) to 4 (lowest impact, 
exemplary evaluation). For this task, the assessor is guided by experience, trying to 
estimate the result of the more formal LCA. When assisted by checklists and protocols, 
acceptable agreement between assessors can be achieved. 
 
 
4. The overall Environmentally Responsible Product Rating (RERP) is computed as the sum 
of the matrix element values. The maximum product rating is 100. This configuration 
implies that each element is equally important. A series of weighting factors can be 
applied if one aspect want to be emphasized over another; this would add complexity 
to the tool, but would also increase its utility. 
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The MECO principle (Wenzel, Hauschild and Alting, 2000 [1]) 
The MECO principle is a tool developed to structure the work of the LCA and assist on navigating the 
results. It can be used through different stages of product development, being one of those the 
Environmental assessment of concepts, for which allows to perform a rough qualitative assessment. The 
principle consist of dividing the assessment into four areas representing different environmental 
impacts: Materials, Energy, Chemicals, and Others, from which the term MECO is derived. While the 
three first are self-explanatory, the term Others covers odds and ends, and can assume different 
meanings depending on the context, but usually accounts for impact on the working environment. 
Assessment parameters in the LCA method covered by M, E, C and O 
 Environmental impacts Resource consumption Impacts on the working environment 
Materials Bulk waste Slag and ashes 
Resources used in materials 









Slag and ashes 
Energy carriers, especially fossil 
resources and wood 









Resources produced in the 
production of chemicals 
Impacts related to chemical 
exposure: cancer, damage to the 
reproductive system, allergy and 
damage to the nervous system 
Others   Monotonous repetitive work, noise, work accidents 
To perform the assessment of a concept, it has to be compared with a reference product for each of the 
M, E, C, O elements. For this, a series of questions may assist on the task: 
1- What differences can be expected between concept and reference? How great are they? How 
broad is the solution space expected to be? 
2- Within which of two alternative concepts can the most environmentally attractive solutions be 
expected to be found? 
3- Is it possible that the concept solutions comply with environmental specifications? 
The output of this analysis is a small piece of text (usually a sentence) that describes the comparison 
between concept and reference for each M, E, C and O. With this information a quick overview of the 
concept in terms of environmental comparison with the reference is obtained, which can assist on 
making decisions regarding the 
current conceptual design 
stage. 
When the MECO assessment 
reveals a tradeoff situation and 
the environmental preference 
is not obvious, it is necessary to 
perform a more detailed 
assessment of the embodied 
design of the proposed 
solution. 
 
Example of the assessment of a rough model (embodied design) 
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Appendix B 
SLCA of ME-401 Projects - Characterization of Life Cycles 
Project: P01 - Vacuum forming system 
Premanufacture: The materials chosen for the fabrication of the device are basically 
plastics, wood and metals. These are purchased from retailers as raw materials, and 
considerable amounts of scrap are generated. The materials are stable and do not imply 
toxicity concerns. Some components like fasteners and screws were acquired through retail 
purchases, and imply a relatively high demand of energy for transport, and large amounts 
of packaging. The acquisition of the elements do not involve the release of liquid residues, 
and for gases only the ones related with the transportation process. 
Product Manufacture: The manufacture process mainly involves manual work, although 
assisted by powered tools. This low degree of automation makes the process reduced in 
energy demand. Cutting the parts with the desired shape out of the raw materials produces 
important amounts of scrap, because the relationship between geometries of the parts and 
of the raw materials is not optimized. The heating elements are obtained from a toaster 
oven, which remaining parts are discarded. For the assembly of some parts glue is utilized. 
This technique involves risks for the persons because of the vapors liberated during 
application, and ventilation precautions should be taken. The heater insulation is realized 
with a layer of ceramic material -HardieBacker. The preparation of this material involves 
eventual liquid spills. 
Product Packaging and Delivery: Once the manufacturing process of the device is 
completed in Clemson facilities, it has to be transported to the corresponding Elementary 
School. No special packaging is utilized for this task. A partial disassembly can be 
performed for the ease of manipulation and load reduction. For this purpose the device 
counts with special handlers and a storage place for the 4 bars, which add extra material to 
the design. 
Product Use: The device is designed to work with recycled HDPE sheets. The sheets are 
obtained from oil jugs producing scrap, which would be discarded anyway, therefore not 
involving additional solid residues. The manufacturing process involves heating the plastic 
sheets is unlikely to produce liquid residues, but may produce gaseous releases if the 
process is not controlled accurately. These eventual gases are harmful for persons. The use 
of the device is intensive in energy demand, because involves the use of electrical power 
for the Joule-effect-based heating elements, and for a vacuum cleaner that creates the 
vacuum suction. Product use and maintenance requires no consumables. Considering this 
a device for elementary school students demonstrative experiments, it is estimated a use of 
9 hours every year, for 3 years. 
Product Disposal/Recycling: After the 3 years of use of the device, it is discarded and 
taken to landfills. There is no take-back program implemented, in order to make Clemson 
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University –the manufacturer, ultimately responsible for the product. This implies 
discarding potentially reusable or recyclable elements, at the time the volume and weight 
of the device increases the energy required for the transport to the landfill. Nevertheless, 
none of the materials and components of the device are hazardous for the environment in 
which respects to solid, liquid or gaseous resides, other than the considerable volume and 
mass of solid wastes. 










Materials choice (1,1) 3 No toxicity concerns 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 2 Use of glue, adhesive 
Energy use (2,2) 3 Reduced because most processes are manual labor tasks 
Solid residues (2,3) 1 Scrap from raw materials. Unused parts of toaster oven 
Liquid residues (2,4) 3 From preparing adhesive 





Materials choice (3,1) 3 Additional material was added (handles, storage of 4 bars) exclusively for ease of transportation 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 It utilizes recycled HDPE plastic for vacuum forming 
Energy use (4,2) 0 Utilizes resistive heaters and a vacuum cleaner 
Solid residues (4,3) 4 Scrap of HDPE plastic from oil jugs. Discarded anyways 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 No disposal concerns. No batteries. 
Energy use (5,2) 2 Considerable volume and weigh for transport for disposal 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. Large volume and mass of residues. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P02 - Wind tunnel A 
Premanufacture: The structure of the wind tunnel is basically comprised by wood sheets, 
acrylic sheets and aluminum. Additional components are steel screws, hinges and latches, 
and rubber seals. The device counts with premanufactured components like an electric 
motor, fan, and the electric and electronic elements needed to operate the motor. The retail 
purchase of elements involves considerable packaging and transport energy. Overall, the 
materials do not represent toxicity concerns, and their acquisition do not involve the release 
of liquid residues or gas residues, except the ones related with the transportation process. 
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Product Manufacture: The manufacture of the device consists on cutting the parts from 
the raw materials according to the design, and later assembly. The regular geometries of 
the components allow to make good use of the raw materials, although quantities of scrap 
are still produced. The process is based on manual work, assisted by powered tools; for this 
reason is reduced in energy demand. Cutting certain materials like acrylic may create 
particulate matter with negative respiratory effects. The assembly requires synthetic 
adhesives and sealants, which may be harmful because of vapors, or cause irritation from 
direct contact. Paint utilized at the end of the process can be accidentally spilled and create 
harmful vapors. 
Product Packaging and Delivery: Once the manufacturing process of the device is 
completed in Clemson facilities, it has to be transported to the corresponding Elementary 
School. No special packaging is utilized for this task. A partial disassembly can be 
performed for the ease of manipulation and load reduction. 
Product Use: The use of the wind tunnel involves setting up different shapes in the test 
section for experimentation. These shapes can be residues if discarded, but depends on the 
user. In addition, dry ice is a consumable material utilized for flow visualization. Dry ice 
may produce burnings from direct contact, or respiratory harms if inhaled for an extended 
time. In terms of energy consumption, the air flow is created with the electric fan, which 
was selected during the design process to obtain acceptable efficiency. Wind velocity can 
be varied by changing fan speed, which is more efficient than partially blocking or 
redirecting air flow. Considering this a device for elementary school students 
demonstrative experiments, it is estimated a use of 9 hours every year, for 3 years. 
Product Disposal/Recycling: After the 3 years of use of the device, it is discarded and 
taken to landfills. There is no take-back program implemented, in order to make Clemson 
University –the manufacturer, ultimately responsible for the product. This implies 
discarding potentially reusable or recyclable elements, at the time the volume and weight 
of the device increases the energy required for the transport to the landfill. Nevertheless, 
none of the materials and components of the device are hazardous for the environment in 
which respects to solid, liquid or gaseous resides, other than the considerable volume of 
solid wastes. 











Materials choice (1,1) 3 No toxicity concerns 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of epoxy, paint 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap from cutting raw sheets 
Liquid residues (2,4) 3 Spills of paint 
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Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 3 Dry ice for flow visualization 
Energy use (4,2) 4 Electric fan operation 
Solid residues (4,3) 3 If discarded, the shapes used for experimentation 
Liquid residues (4,4) 4 None 





Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 2 Considerable volume for transport for disposal 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. Large volume of residues. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P03 - Wax Casting with Metallic Particles 
Premanufacture: The design of the device comprises structural materials such as wood, 
steel and plastics, and assembly materials like adhesives and fasteners. The only powered 
element is a resistive hot plate. None of these materials involve toxicity concerns, but most 
of them are non-recycled, virgin materials. The retail purchase of elements involves 
considerable packaging and transport energy. The packaging results in generating solid 
residues. However, no liquid or gaseous residues are generated in the acquisition process, 
other than the gases released during the transportation of materials.  
Product Manufacture: The manufacture of the device consists on cutting the parts from 
the raw materials according to the design, and later assembly. The regular geometries of 
the components allow to make good use of the raw materials, although quantities of scrap 
are still produced. The process is based on manual work, assisted by powered tools; for this 
reason is reduced in energy demand. The design process involved the construction of a 
prototype, which was discarded; it involved disposing elements like a ball valve, a 
crockpot, or rolled aluminum, and wax from testing. The assembly requires the use of glue 
and adhesives, which may have respiratory effects. Three different spray paints are utilized, 
which increases wastes and involve eventual spills and release of vapors or gases. 
Product Packaging and Delivery: Once the manufacturing process of the device is 
completed in Clemson facilities, it has to be transported to the corresponding Elementary 
School. No special packaging is utilized for this task. Both the wax casting and the testing 
units have to be transported. 
Product Use: The use of the device involves manual action for the movements required 
for the wax casting and the testing, but demands electric power for heating up the wax 
through the resistive hot plate. With regard to materials, it makes use of paraffin wax, which 
is derived from petroleum. To obtain a variety of results in the failure tests, wax additives 
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are utilized such as olive oil, baking soda, petroleum jelly, glycerin, and more. These 
materials do not represent a hazard, other than the solid residues, spills, and vapors 
associated with the heating process. Considering this a device for elementary school 
students demonstrative experiments, it is estimated a use of 9 hours every year, for 3 years. 
Product Disposal/Recycling: After the 3 years of use of the device, it is discarded and 
taken to landfills. There is no take-back program implemented, in order to make Clemson 
University –the manufacturer, ultimately responsible for the product. This implies 
discarding potentially reusable or recyclable elements like the hot plate, at the time it 
increases the energy required for the transport to the landfill. Nevertheless, none of the 
materials and components of the device are hazardous for the environment in which 
respects to solid, liquid or gaseous resides. 










Materials choice (1,1) 3 No toxicity concerns. 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying. 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 2 Use of epoxy, glue, three different paints 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap from cutting raw sheets. Materials from prototyping 
Liquid residues (2,4) 2 Spills of paint. Spills of wax from prototyping 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 3 Use of a variety of wax additives 
Energy use (4,2) 3 Resistive hot plate 
Solid residues (4,3) 3 Wax castings. Paper towels from cleaning and maintenance 
Liquid residues (4,4) 3 Wax spills, additives spills 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P04 - Plastic Bag Fusion and Vacuum Forming Process 
Premanufacture: The materials selected for the device are basically wood, sheet rock, 
cement board, galvanized steel sheets, aluminum and metallic accessories. These materials 
do not represent a toxicity concern. The heating elements and oven rack extracted from a 
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toaster oven, which remaining parts are discarded. The materials acquisition is through 
retail purchases, which increases transport energy and packaging. No liquid residues are 
released through this premanufacture process, and as to gaseous residues, just the ones 
from transportation. 
Product Manufacture: The device is basically an oven with accessories for the vacuum 
forming process. Its construction involves cutting and assembling raw materials. The oven 
consists of different layers of materials for thermal insulation purposes, which are not as 
adequate for this purpose. Cutting these materials generate amounts of scrap. The design 
process involved the manufacture of a prototype, which was discarded. The assembly 
requires use of glue, and the device is painted with two different paint colors; these 
materials could release harmful vapors. The paint can also be accidentally spilled. The 
manufacturing work require manual labor, some of them assisted by powered tools. 
Product Packaging and Delivery: Once the manufacturing process of the device is 
completed in Clemson facilities, it has to be transported to the corresponding Elementary 
School. No special packaging is utilized for this task. 
Product Use: In terms of materials utilization, the device is environmentally efficient 
because makes use of recycled plastic bags. However, in terms of energy use, it is highly 
inefficient because involves a heating process with resistive heating elements, and a 
vacuum forming process through a shop-vac. These two operations demand high electrical 
power compared with the transformation they perform. The complete bag fusion and 
vacuum forming operation could be simplified, reducing the processing time and energy 
demand. A large part of the fused plastic is excess material and is discarded, together with 
the energy involved in its processing. No liquid or gaseous residues are generated during 
the use of the device. 
Product Disposal/Recycling: After the 3 years of use of the device, it is discarded and 
taken to landfills. There is no take-back program implemented, in order to make Clemson 
University –the manufacturer, ultimately responsible for the product. This implies 
discarding potentially reusable or recyclable elements like the hot plate, at the time it 
increases the energy required for the transport to the landfill. Nevertheless, none of the 
materials and components of the device are hazardous for the environment in which 
respects to solid, liquid or gaseous resides. 










Materials choice (1,1) 2 No toxicity concerns. Large part of a toaster oven discarded 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying. 
Liquid residues (1,4) 4 None 
Gaseous residues (1,5) 3 Gases from transportation 





Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap from cutting raw materials. Materials from prototyping 
Liquid residues (2,4) 3 Spills of paint. 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Use of recycled plastic bags 
Energy use (4,2) 0 Low efficiency process. Resistive heaters and vacuum cleaner 
Solid residues (4,3) 3 Scrap from excess material 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device could be more compact for disposal easiness 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P05 - Wind Tunnel 4 










Materials choice (1,1) 3 Virgin but not toxic materials utilized. 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of glue, two different paints. 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap from cutting raw materials. Cardboard for prototyping 
Liquid residues (2,4) 3 Spills of paint 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site. Can be broken down on two for easiness of transport 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Reusable objects to run the tests 
Energy use (4,2) 4 Electric fan operation 
Solid residues (4,3) 4 Strings to show fluid motion should be replaced from time to time 
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Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 2 The device could be more compact for disposal easiness 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P06 - Virtual Reality 1 










Materials choice (1,1) 4 No toxicity concerns. Reused/recycled parts 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of glue and paint 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 3 Scrap from raw materials 
Liquid residues (2,4) 3 Spills of primer and paint 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Product use does not imply any material consumption 
Energy use (4,2) 4 Low power stepper motors and controller 
Solid residues (4,3) 4 Product use does not generate solid residues 
Liquid residues (4,4) 4 Product use does not generate liquid residues 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves low amount of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P07 - Vertical scissor press 










Materials choice (1,1) 3 No toxicity concerns 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
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Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of epoxy, use of grease for car jack 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 1 Scrap from raw materials. Materials from prototyping 
Liquid residues (2,4) 3 From preparing epoxy, grease 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Material to be stamped is Styrofoam 
Energy use (4,2) 4 Device is manually operated 
Solid residues (4,3) 3 Scrap of Styrofoam 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 No disposal concerns. No batteries. 
Energy use (5,2) 2 Considerable volume and weigh for transport for disposal 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. Large volume and mass of residues. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P08 - Wind tunnel 3 










Materials choice (1,1) 4 No toxicity concerns. Recycled parts. Low material diversity 
Energy use (1,2) 3 Low diversity of materials reduces transportation energy 
Solid residues (1,3) 3 Recycled parts do not involve packaging 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of adhesives, paint 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 3 Scrap from raw materials 
Liquid residues (2,4) 3 Spills of paint 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Water for ultrasonic vaporizer 
Energy use (4,2) 4 Low powered Dyson bladeless fan 
Solid residues (4,3) 4 Replacement of 2 AAA batteries for drag readout scale 
Liquid residues (4,4) 4 None 
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Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves low amounts of material 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P09 - Wind tunnel 2 










Materials choice (1,1) 2 No toxicity concerns. Minimum amount of recycled/reused materials 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of Kwik-Seal Tub and Tile Caulk 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap from cutting raw materials 
Liquid residues (2,4) 3 Spills of paint 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Product use does not imply any material consumption 
Energy use (4,2) 4 Electric fan operation through AC/DC converter 
Solid residues (4,3) 4 Product does not generate solid residues 
Liquid residues (4,4) 4 Product does not generate liquid residues 




Materials choice (5,1) 4 No disposal concerns. No batteries. 
Energy use (5,2) 2 Considerable volume and weigh for transport for disposal 
Solid residues (5,3) 1 No take-back for recycling or reuse of parts. Large volume and mass of residues. 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P10 - Augmented reality 2 












Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 4 Use of glue. Minimum use of other materials involved in the manufacturing process 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 3 Scrap of wood, steel, aluminum 
Liquid residues (2,4) 4 None. Device is not painted 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Product use does not imply any material consumption 
Energy use (4,2) 4 Low power stepper motors and controller 
Solid residues (4,3) 4 Product use does not generate solid residues 
Liquid residues (4,4) 4 Product use does not generate liquid residues 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves low amount of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P11 - Laser engraver prototype 










Materials choice (1,1) 3 No toxicity concerns. Most materials are virgin 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 4 No concerns about materials involved in manufacturing process 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 3 Scrap of wood, steel, aluminum, copper 
Liquid residues (2,4) 4 None 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 




Energy use (4,2) 4 Power supply, stepper motors, controller and laser make a low overall energy consumption 
Solid residues (4,3) 4 Raw material is engraved and constitutes the final product. No wastes are created 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves low amount of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P12 – Injection molding demonstrator 










Materials choice (1,1) 2 No toxicity concerns. Most materials are virgin. High diversity of materials 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 3 Use of paint, aluminum welding, and consumables for manufacturing process 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap of wood, steel, aluminum, copper, plastics 
Liquid residues (2,4) 2 Spills of paint. Liquid HDPE during testing 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Device processes pellets of HDPE 
Energy use (4,2) 3 Nichrome wire as heating element. Insulation increases efficiency 
Solid residues (4,3) 2 Melted and then solidified HDPE that is not integrated into final part 
Liquid residues (4,4) 4 Molten HDPE solidifies and is accounted as solid residue 




Materials choice (5,1) 4 The materials utilized do not involve disposal concerns 
Energy use (5,2) 3 The device is fairly compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves a variety of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
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Project: P13 – Vacuum Thermoformer Design 










Materials choice (1,1) 3 No toxicity concerns. 
Energy use (1,2) 2 Retail acquisition of elements increases transport energy 
Solid residues (1,3) 2 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 2 Use of wood putty and heat resistant paint over plywood, instead of heat resistant material 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
Solid residues (2,3) 2 Scrap of wood, lexan sheets, aluminum 
Liquid residues (2,4) 2 Spills of paint and residues from preparing/using the wood putty 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Device processes High Impact Polystyrene sheets 
Energy use (4,2) 1 Utilizes resistive heaters and a vacuum cleaner, automatically controlled 
Solid residues (4,3) 4 Scrap of polystyrene sheets 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 No disposal concerns 
Energy use (5,2) 4 The device is compact for transporting for disposal 
Solid residues (5,3) 2 No take-back for recycling or reuse of parts. Device involves a variety of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P14 – Mechanical Thermoforming 










Materials choice (1,1) 4 No toxicity concerns. Reduced diversity of materials 
Energy use (1,2) 4 Reduced diversity of materials involves low transport energy 
Solid residues (1,3) 3 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 4 Use of paint and acrylic medium, but still minimum inputs are required 
Energy use (2,2) 3 Manual labor tasks, some assisted by powered tools 
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Solid residues (2,3) 3 Scrap of plywood, aluminum 
Liquid residues (2,4) 3 Spills of paint and acrylic medium 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Device processes acrylic and other polymers 
Energy use (4,2) 4 Utilizes a resistive heater specifically located in the area of interest 
Solid residues (4,3) 4 It does not produce waste of the processed material 
Liquid residues (4,4) 4 None 




Materials choice (5,1) 4 No disposal concerns 
Energy use (5,2) 4 The device is compact for transporting for disposal 
Solid residues (5,3) 3 No take-back for recycling or reuse of parts. Reduced diversity of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 
Gaseous residues (5,5) 4 No release of harmful gases when disposed 
Project: P15 – Metal stamping device 










Materials choice (1,1) 3 Too highly valued components (mainly the arbor press) to perform a rather simple task 
Energy use (1,2) 4 Reduced diversity of materials involves low transport energy 
Solid residues (1,3) 3 Packaging for retail buying 
Liquid residues (1,4) 4 None 




Materials choice (2,1) 4 Minimum input of materials for manufacturing 
Energy use (2,2) 1 Use of machine tools 
Solid residues (2,3) 2 Aluminum scrap and swarf 
Liquid residues (2,4) 4 None. Machine tools used without lubrication 





Materials choice (3,1) 4 No additional materials are used 
Energy use (3,2) 4 Transport from manufacturing site to use site 
Solid residues (3,3) 4 No packaging for delivery 
Liquid residues (3,4) 4 None 
Gaseous residues (3,5) 4 None 
Product 
Use 
Materials choice (4,1) 4 Device processes aluminum sheets 
Energy use (4,2) 4 Device is manually operated 
Solid residues (4,3) 3 Scrap from aluminum sheets 
Liquid residues (4,4) 4 None 
Gaseous residues (4,5) 4 None 





Energy use (5,2) 3 Including the arbor press, the device is heavy to be transported for disposal 
Solid residues (5,3) 3 No take-back for recycling or reuse of parts. Reduced diversity of materials 
Liquid residues (5,4) 4 No release of harmful liquids when disposed 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Project 5 - Winf tunnel 4
Numb
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1 Cost Total cost of entire project, including testing and final design. <=$300 Constraint 1 1
1.1 Cost Minimize cost Criteria 3 1 1 1
1.2 Cost Maximum portion of total cost using personal funds 100 Constraint 1 1
1.3 Cost Maximum portion of total cost using donated materials/supplies 100 Constraint 1 1
1.4 Cost Maximum amount spend on materials 150 Criteria 4 1 1
2 Safety No parts or assembly processes should pose risks to student’s health or cause any harm or inju 0 possibility of injuries Constraint 1 1
2.1 Safety No sharp edges on parts whether assembled or disassembled 0 sharp edges Criteria 9 1 1
2.2 Safety No exposed uninsulated electrical wiring 0 wires Criteria 9 1 1 1 1
2.3 Safety Fan blade is encompassed by protective casing 0 exposed fan blade Constraint 1 1
2.4 Performance Expose fan blade on inside of tunnel to decrease interference and increase fluid flow 0 interference on inside of tunnel Criteria 5 1 1 1 1 1
2.5 Safety Minimize use of breakable materials and parts >90% of materials are shatter proof Criteria 7 1 1 1
2.6 Safety/ Assembly No use of power tools for assembly process 0 power tools Constraint 1 1 1 1
2.7 Safety Maximum weight of any one part 25 pounds Constraint 1 1
2.8 Safety Maximum weight of final assembly (if not placed on rolling cart) 75 pounds Constraint 1 1
2.9 Safety Any use of wood shold have a smoth finish to prevent splinters Surface is finer than 400 grit Criteria 8 1 1 1
3 Geometry Minimum size of viewing area 1 square foot Criteria 8 1 1
3.1 Geometry Maximize size of viewing area >2 sq. ft. Criteria 4 1 1
4 Geometry Minimum size of test section 1 cubic foot Criteria 8 1 1
4.1 Geometry Maximize size of test section >2 cubic feet Criteria 4 1 1
5 Geometry Minimum volume of object that can be placed in test section for experimentation 512 cubic in. Criteria 6 1 1
6 Geometry Total length of wind tunnel 7 feet Criteria 3 1 1
6.1 Geometry Maximum length of assembled wind tunnel 12 feet Constraint 1 1
7 Assembly Total assembly time 0.010416667 Criteria 5 1 1 1
8 Assembly Tools required for assembly should be only hand tools 0 non-hand tools Constraint 1 1 1 1
9 Assembly Total disassembly time 0.010416667 Criteria 5 1 1 1
10 Assembly Easily collapsible
Dissassembled by <=3 5th grade students 
without surpervision Criteria 6 1 1
10.1 Assembly Maximum number of total parts of dissassembled wind tunnel 8 Criteria 7 1 1
10.2 Assembly Minimize number of total parts of dissassembled wind tunnel <=5 Criteria 7 1 1
10.3 Assembly Maximum number of steps needed to disassemble 15 Criteria 6 1 1 1
10.4 Assembly Minimize number of of steps needed to dissassemble <=10 Criteria 6 1 1 1
11 Operation Life span of final design >= 1 year Criteria 4 1 1 1
12 Maintanece All parts and materials must be available at local stores in Clemson to shorten repair time and 
availability of parts in stores <6 miles from 
school Criteria 8 1 1 1 1 1
12.1 Maintenance All parts listed and price stated to be replaced if broken after team leaves Criteria 4 1 1
13 Geometry Minimize occupied storage space <=30 cubic feet of occupied space Criteria 8 1 1
14 Transport Minimum size of motor vehicle that can transport disassembled product 1 SUV Constraint 1 1 1 1 1
15 Experiments Capable of conducting experiments relevant to students’ course work >= 3 relevant experiments conducted Criteria 8 1 1
15.1 Experiments Capable of experiments with paper planes
Any size plane of 1 8.5 by 11 inch sheet of paper 
fits in test section Criteria 4 1 1 1
15.2 Experiments Incorporation of smoke or other vapor for use of showing flow lines Unwaveriing presence of flow lines Criteria 7 1 1 1
15.3 Experiments have a bigger object in front of smaller object to observe effects Criteria 5 1 1
15.4 Experiments Capable of experiements with a lego car with a changeable front end to show drag effect Measure higher drag with larger front ends Criteria 5 1 1 1 1 1
15.5 Experiments Use force gauge to measure drag and/or lift forces Presence of force gauge Criteria 8 1 1
15.6 Experiments Show how a spinning football flies better than a stationary one Criteria 5 1 1
15.7 Experiments Use model sail boat to show effects of wind
Measure a higher drag force when sail is up 
than not Criteria 7 1 1
15.8 Experiments
Have four columns of the test section that an airfoil could be suspended and would allow it 
to move up and down based on wind speed
Measure the distance the air foil moves 
up/down
Criteria 7 1 1 1 1 1
15.9 Experiments
Transparent dry erase surface with gridlines on a vertical wall of the test section to measure 
horizontal and vertical displacements of test objects
0.25" squares covering one vertical plane of 
test section Criteria 8 1 1 1
16 Operation Maximum use time of 1 use 1 hour Constraint 1 1 1
17 Operation Operable by 5th grade students
Students needed to operate is <=3 after a <15 
minute instruction Constraint 1 1
18 Operation Maximum number of uses per day 6 Criteria 8 1 1
19 Operation Operation noise should not be above normal conversation levels <60dB Criteria 6 1 1 1 1
20 Material
The body of the wind tunnel, excluding the diffuser and fan, including the test section, is 
made of PVC piping
>80% PVC Constraint 1 1
21 Geometry Flat platform in test section where objects of interest can be placed for experimentation 8 in x 8 in Constraint 1 1
21.1 Geometry Maximize area of test section platform >81 sq. inches Criteria 7 1 1
21.2 Assembly Securely mounted platform that will not have position disruption during normal operations 0 unintended movement during operation Constraint 1 1
21.3 Assembly Testing platform must be level before operation Constraint 1 1
21.3 Assembly have different mounting holes/fixtures to support the test objects that go on the platform Criteria 8 1 1
21.4 Assembly Have a platform that can have an adjustable table to adjust the angle of attack Criteria 8 1 1
21.5 Assembly Test platform is elevated from horizontal plane of the rest of the test section
Base of test platform >0.25in from base of test 
section base Constraint 1 1
22 Operation The wind tunnel will be free standing on table 0 human contact needed for support Constraint 1 1
22.1 Assembly The wind tunnel will rest on two level cross bars 2 bars Criteria 6 1 1
22.2 Assembly
Each external cross bar will be supported by two legs that will elevate the wind tunnel off 
the ground/table
2 legs/bar Constraint 1 1
23 Geometry No contraction part at entry of wind tunnel 0 Criteria 7 1 1
24 Geometry Presence of a diffuser to slow down air flow 1 diffuser Criteria 9 1 1 1 1
24.1 Geometry Exterior of diffuser made of paper mache Criteria 5 1 1
24.2 Geometry Interior of diffuser coated with self solidifying resin 100% covered Criteria 5 1 1
24.3 Geometry Fluid exit end of diffuser of the same radius of as the fan blade 
<3inches between diffuser interior wall and tip 
of fan blade Constraint 1 1
24.4 Geometry Diffuser allows sufficient flow steadiness and pressure recovery Diffuser angle between 5-10 degrees Constraint 1 1 1 1
25 Operation All assembled parts have an air tight seal to each other 0 air leaks Constraint 1 1 1
26 Kinematics The cut-out of the viewing area in the PVC piping is filled with a clear self solidifying resin 100% covered Constraint 1 1
26.1 Kinematics Resin that fills viewing area is flush with the internal wall of the PVC piping Constraint 1 1 1
27 Kinematics Wind tunnel is open return 1 Open return wind tunnel Criteria 8 1 1
28 Material Three sides made of plywood Criteria 4 1 1
28.1 Material Front section of viewing section made of plexiglass Criteria 6 1 1
28.2 Material High powered fan due to lack of contraction zone Criteria 5 1 1 1 1
29 Geometry Entire wind tunnel cross section of fan chosen Criteria 6 1 1
30 Material Viewing area made of plexiglass
>=75% by volume of materials used for viewing 
area is plexiglass Criteria 8 1 1
31 Geometry Presence of contraction zone to increase air flow 1 Contraction cone Criteria 7 1 1 1 1
31.1 Geometry Contraction zone should be located before test section Constraint 1 1
31.2 Geometry Contraction zone should reduce the cross-sectional area the air flows through Constraint 1 1 1 1
32 Energy Power supply generated by use of electrical outlet to eliminate use of batteries Operable with 110 V electrical outlet Criteria 9 1 1 1 1 1
33 Geometry Diffuser should be located after test section Constraint 1 1
34 Geometry Wind tunnel has a rectangular or square cross-section Criteria 5 1 1
35 Geometry Honeycomb stucture located before the test section to provide safety Criteria 8 1 1
35.1 Geometry Honeycomb structure used with screen(s) to reduce amount of turbulence 1 honeycomb sctructure and 1 or more screens Criteria 8 1 1 1 1 1
35.2 Geometry Honeycomb structure made using straws stacked together Criteria 8 1 1
35.2.1 Geometry Maximize steady flow with the air straightener  
air straightener length to diameter ratio 
between 7-10 Criteria 8 1 1 1 1 1
36 Material Body of wind tunnel is strong
<0.25 inches of elastic deformation to any part 
when 1 user is using just hands Criteria 9 1 1
37 Kinematics Air flow is powered by a fan Presence of a fan Constraint 1 1 1 1
37.1 Safety Unpackaged pan upon purchase weighs less than 15 pounds Weight<15 lbs. Constraint 1 1
37.2 Geometry Maximum length of single fan blade 25 inches Criteria 8 1 1
37.3 Kinematics Fan blows air
Air flow changes causes motion to a static piece 
of notebook paper when vertically held in front 
of output end of fan Constraint 1 1 1 1
38 Geometry Maximum angle between diffuser and horizontal plane 10 degrees Criteria 9 1 1
38.1 Geometry Minimum angle between diffuser and horizontal plane 3 degrees Criteria 9 1 1
39 Kinematics Air filter at beginning of contraction cone is made of stacked straws
>90% of contraction cone entrance is made of 
stacked straw structure Constraint 1 1
40 Geometry Air straightener length to diameter ratio between 7-10 Criteria 8 1 1




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 Clamping device must withstand mold pressures Constraint 1 1 1 1 1
2 System should produce enough pressure to inject plastic Constraint 1 1 1 1 1 1
3 Nozzle threads in piping (barrel) must withstand injection pressures Constraint 1 1 1 1 1
4 Bearing design must withstand thrust Constraint 1 1 1 1
5 Electrical energy must be transferred to thermal energy Constraint 1 1 1 1 1 1
6 Thermal energy must melt the working material Constraint 1 1 1 1 1 1
7 Material should melt at temperatures less than 300 degrees F Constraint 1 1 1 1 1
8 Barrel material must withstand heat from heating element Constraint 1 1 1 1 1 1
9 Heating element must be guarded or insulated Constraint 1 1 1 1
10 All electrical circuits must be effectively grounded Constraint 1 1 1 1
11 Moving parts should be shrouded Constraint 1 1 1
12 The heating coils must not touch each other Constraint 1 1 1
13 Production time <50 minutes Constraint 1 1 1
14 System should allow for intentional flaws in the quality of the product Constraint 1 1
15 Must feed working material into the system Constraint 1 1
16 Mold must allow air to escape Constraint 1 1
17 2 sides of mold must stay lined up during injection Constraint 1 1
18 System must be driven by simple human input Constraint 1 1 1 1 1
19 Power source must supply the required input to the heater Constraint 1 1 1 1 1 1
20 Must mix the molten plastic Constraint 1 1 1 1 1
21 Must transport molten plastic into mold Constraint 1 1 1 1
22 User should  have a way of knowing when the mold is full Constraint 1 1
23 System must be < $600 total Constraint 1 1
24 Department portion must be < $200 Constraint 1 1
25 Team member donations must be < $200 Constraint 1 1
26 Outside donations must be < $200 Constraint 1 1
27 Must be complete by April 20th, 2014 Constraint 1 1
28 Must move through system in melted and unmelted form Constraint 1 1 1 1
29 The heating coils must not touch aluminum pipe Constraint 1 1 1 1 1
30 Must move pellets to the heated section of the barrel Constraint 1 1 1 1 1 1
31 Crank handle must be easy to grip and turn Criteria 1 1 1 1 1
32 Should operate with low noise Criteria 1 1 1 1 1
33 Device should be kept small enough to fit on a cart Criteria 1 1 1
34 Product should be < 2” x 2” Criteria 1 1
35 Material should be easily accessible Criteria 1 1
36 Should be a common material in injection molding Criteria 1 1
37 Circuits should be protected with fusing Criteria 1 1 1 1
38 System Temperature should not exceed 315 degrees C Criteria 1 1 1 1 1
39 All wire connections need to be contained Criteria 1 1 1
40 Temperature control with simple interface Criteria 1 1 1 1
41 Frame must securely hold the system Criteria 1 1
42 System setup should take < 15 minutes Criteria 1 1
43 System should take 10 minutes to get up to temperature Criteria 1 1 1
44 System should require little input force from user Criteria 1 1 1 1
45 System should be able to operate from standard wall outlet power Criteria 1 1 1 1
46 Little maintenance or inspection required Criteria 1 1
47 Finished product should be easily removed from system Criteria 1 1 1
48 System should be easy to clean Criteria 1 1
49 System should be easy to assemble/disassemble Criteria 1 1
50 Plastic should be re-melted and reused for future processes Criteria 1 1 1
51 Plastic bottle should be processed for use as the working material Criteria 1 1






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Histograms of distributions of ANN predictions 
   
  
Distribution of ANN predictions for Product 7 based on 90% of requirements, using VP 
method. Five sets of different requirements removed 
 
   
  
Distribution of ANN predictions for Product 7 based on 80% of requirements, using VP 
method. Five sets of different requirements removed 
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Distribution of ANN predictions for Product 7 based on 70% of requirements, using VP 
method. Five sets of different requirements removed 
 
   
  
Distribution of ANN predictions for Product 7 based on 90% of requirements, using GC 
method. Five sets of different requirements removed 
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Distribution of ANN predictions for Product 7 based on 80% of requirements, using GC 
method. Five sets of different requirements removed 
 
   
  
Distribution of ANN predictions for Product 7 based on 70% of requirements, using GC 
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